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INTRODUCTION 


‘OR a number of years before the war a very intensive development 

effort was under way in the Army and Navy laboratories, and in sev- 
eral commercial laboratories, on the application of radio methods to the 
location of objects at a distance. The equipment which resulted was 
eventually called ‘‘Radar” equipment by the Navy and this term is now 
almost universally used. The urgent needs of the war have resulted in the 
very rapid development and extensive application of this new science 
during the last few years. 

Radar equipments of many different types have been designed to perform 
specific functions on land and sea, and in the air. These equipments 
have had an important part in the winning of the war and the recent re- 
laxation in secrecy regulations now permits publishing some of the story. 
In this present article a description of the Mark 3 and 4 Fire-Control 
Radars for Naval Vessels will be given, together with a little of the history 
that preceded their development. 


HistoricaAL BACKGROUND 


When the Bell Telephone Laboratories began active radar development 
work early in 1938 an effort was made to set technical objectives for this 
work that would avoid duplication of the intensive work then under way in 
the Army and Navy laboratories, and that would advance the art toward 
the solution of some of the recognized basic problems. The general ob- 
jectives were to increase the accuracy of radar measurement of location and 
to increase as much as possible the operating carrier frequency. The 
reasons for these objectives are discussed in the following paragraphs. 

The state of the art at the time under discussion has been partially de- 
scribed in a recent paper by Maj. Gen. R. B. Colton.! The work he de- 
scribed and directed was carried out at the Signal Corps Laboratories at 
Fort Monmouth, New Jersey and was directed principally toward solving 

1 “Radar in the U. S. Army” by Maj. Gen. Roger B. Colton, published in the Proceedings 
of the I. R. E., November, 1945. 
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the ground forces’ problems of aircraft warning and searchlight control. 
At the same time intensive work was being pursued at the Naval Research 
Laboratory at Anacostia, D. C. under the direction of Dr. A. H. Taylor, 
Dr. R. M. Page and Mr. L. C. Young. Their work was directed primarily 
toward developing radar equipment that would be useful aboard ship, and 
it was from them and from the engineers of the Navy Department that the 
principal inspiration and guidance for the work described in this paper were 
obtained. 

The first military application in which radar equipment proved its use- 
fulness was in the detection of approaching aircraft. For this kind of 
application the radar is not required to locate the approaching planes with 
very great accuracy and the experimental radars of 1938 and 1939 per- 
formed this function in quite a useful way. The fact that the first appli- 
cation of radar was a strictly defensive one may account in part for the 
great interest and support given radar work in England and in this country, 
while apparently much less radar work was done before the war by the 
scientists of Germany and Japan. Thus, when radar later became a power- 
ful and versatile aid to offense, the enemy nations found themselves years 
behind in development. 

Very early in their work the men of the Naval Research Laboratory 
recognized the potential ability of radar to help solve the fire-control prob- 
lem. Since this problem determined the design of the radar systems to be 
described later in this paper a brief general discussion of fire control is given 
here. The term fire control refers broadly to the means by which a gun or 
other weapon is aimed and fused so that, when fired, the projectile will hit 
or burst near the intended target. A fire-control system includes two 
major parts: first, a locating device for determining the present position of 
the target; and second, a computing device which analyzes the present 
position data, computes the target’s course and speed, and the position the 
target will occupy at the future time when the projectile arrives at that 
point, and finally furnishes the correct aiming and fusing information to 
the guns. A modern fire-control system does these things in a continuous 
manner so the guns remain correctly aimed and can be fired at any time 
during the engagement. 

Before the war the present position of the target was ordinarily de- 
termined by optical instruments. Operators tracked the target by con- 
trolling their telescopes in such a way that the target remained on the 
crosshairs in their eyepieces. Thus the azimuth and elevation angles 
were found. Another operator measured the range to the target with an 
optical range finder, or indirectly estimated range from the angular extent 
of the target and its estimated size. 

The accuracy of this optical system in determining azimuth and elevation 


FIRE-CONTROL RADARS FOR NAVAL VESSELS 3 


angles is very good provided the target can be seen clearly. This proviso is 
a serious limitation under many typical operating conditions. It is fre- 
quently difficult to see a target at a range of several miles on account of 
haze even on a relatively clear day, and at night or in fog or smoke screen 
the usefulness of a telescope is almost nil. The optical range finder is 
subject to the same limitations as the telescope and in addition leaves 
much to be desired in the matter of accuracy and continuity of data even 
under the best visibility conditions. This is due to the fact that optical 
range finders are triangulation devices which inherently have accuracy 
limitations. The need for a long and very stable base line between the 
prisms of an optical range finder is difficult to meet aboard ship, and the 
principle of operation makes inevitable a rapidly decreasing accuracy with 
increasing range. Thus, as the effective range of guns increased, the need 
for more accurate means for measuring range became more acute. 

In its earliest forms radar offered at once a potential means for measuring 
range with much better accuracy than that of the optical range finder. 
This was due to the different principle on which radar works. A pulse of 
radio frequency energy is sent out to the target and the echo signal is re- 
ceived back at the source. The velocity of the waves en route is the 
same as that of light, and is one of the basic physical constants. To measure 
range accurately with radar required only the development of techniques 
for producing short transmitted pulses and for measuring accurately the 
short intervals of time between the transmitted pulse and the returning 
echo pulse. Both of these were the kind of problems which yield readily 
to electronic solutions. The early work in Bell Telephone Laboratories 
thus included the production of shorter transmitted pulses than were 
being commonly used, and the development of improved range measuring 
means. 

The second important general objective for the early work at Bell 
Telephone Laboratories was to devise equipment which would operate at 
frequencies much higher than had been previously used. The need for 
higher-frequency operation arose from the fact that for a given size of 
antenna the beam width decreases with increasing frequency while the 
gain increases. Narrow beams are required to obtain accurate angular 
data while increased gain is desirable since it obviously provides increased 
range for a given transmitter power and receiver noise figure. These factors 
are illustrated by the curves of Figs. 1A and 1B which show the relationship 
between beam width, antenna gain and antenna size expressed in wave- 
lengths. The curve labeled “uniform illumination” yields maximum gain 
and minimum beam width for a given antenna size but produces unwanted 
side lobes of undesirable amplitude. For this reason the illumination is 
usually graded over the antenna aperture to reduce minor lobes. The gain 
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Fig. 1A—Antenna beam width vs, aperture 
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Fig. 1B—Antenna gain vs. aperture 





and beam width obtained in this manner are shown by shaded area labelled 
usual design values. The need for higher frequency or shorter wavelength 
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was apparent to all of the early experimenters since physical limitations 
restricted the size of antenna which could be installed conveniently aboard 
ship. However, development effort along these lines had previously been 
hampered by lack of suitable vacuum tubes. 

In spite of the vacuum tube difficulties the Laboratories work was started 
in the range from 500 to 700 mcs, a region several times that then in use at 
the Army and Navy laboratories. The best tubes available were those of 
the doorknob type which have been described in the literature by A. L. 
Samuel? and are illustrated in Fig. 2. The smallest of these was used in 
the receiver input circuits and two of the middle sized ones were used in 
the tramsmitter oscillator. These triodes operated at quite high frequencies 
by virtue of the very small spacing between their electrodes, a feature which 
made them fragile and demanded the development of plate modulation. 
Earlier radars had generally used grid keyed oscillators, i.e., the plate 
voltage was applied to the oscillator continuously together with a high grid 
bias voltage. The bias was removed momentarily by the keyer to emit a 
pulse. In order to obtain a useful pulse output from the doorknob oscillator 
tubes it was found essential to remove all stress from them except during 
the pulse. This was accomplished by using a direct coupled pulse am- 
plifier or modulator, effectively in series with the oscillator and the power 
supply. Here again in 1938 no really suitable tubes were available for 
the modulator service since it also demanded a highly intermittent duty. 
However, since the modulator duty did not require the tubes to operate at 
very high frequency it was possible to use rugged high-voltage triodes which 
had been designed for continuous service, and to obtain the required pulse 
current capacity by paralleling a number of tubes. The earliest radar 
modulators used in the Laboratories employed a group of Eimac 100-TH 
tubes. Later, in the CXAS and Mark 1 Radars, six tubes similar to the 
W. E. 356A were used in parallel. 

After a great deal of laboratory work an experimental equipment was 
assembled and demonstrated to the Army and Navy in July 1939. This 
early radar was notable in that it operated at what was then considered a 
very high frequency and also in that it employed a single antenna only 
about 6 ft. square. The transmitter and receiver were connected to the 
common antenna by a duplexing technique to be described later, which had 
been applied at lower frequencies by engineers at the Naval Research 
Laboratory. The results of these first field tests were encouraging and 
both the Army and the Navy ordered one prototype model equipment to 
be known as the CXAS. This radar was to operate at 500 or 700 mcs and 
was to incorporate a number of new features which were designed to make it 


2 Proceedings of I. R. E., Vol. 25, page 1243, 1937—“Negative Grid Triode Oscillator 
and Amplifier for Ultra High Frequencies.” Digest in Oct. 1937 B. S. T. J. 
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convenient to operate and to provide a range accuracy that would be useful 
in fire control. Since this early radar is of cosiderable historical im- 
portance it will be described in some detail. 





Fig. 3—CXAS—Antenna 


THe CXAS RADAR 


This equipment was divided into three major assemblies and the circuits 
were arranged so the three could be installed at some distance from each 
other. The antenna (see Fig. 3) consisted of a cylindrical parabolic re- 
flector about 6 ft. square with an array of eight half-wavelength dipoles 
along the focal line. With shipboard use in mind the reflector was per- 
forated to minimize wind resistance and the dipole and coaxial line feed 
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system was made weatherproof, which was accomplished by making the 
line system pressure-tight and filling it with dry gas. The gas-line system 
was extended to include the radiating elements by covering the latter with 
pyrex test tubes sealed to the support with a packing gland as shown in 
Fig. 4. A device was included in each dipole assembly for supplying the 
two half-wavelength radiating elements with balanced voltages from the 
unbalanced line, while a coaxile line harness including impedance matching 





Fig. 4—CXAS—Dipoles 


transformers was used to connect the several dipole assemblies and provide 
a matched load to the single transmitter-receiver line. A schematic dia- 
gram of this arrangement is shown in Fig. 5. The contemplated use of 
this radar was for surface targets or low-flying planes and rotation was 
provided only in azimuth. A gas-tight rotary joint was developed to carry 
the %” coaxial line through the azimuth axis (Fig. 6). 

The operator’s cathode ray oscillograph indicator and all of the essential 
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Fig. 5—CXAS—Antenna schematic 





Fig. 6—CXAS—Rotary joint & transmission line fittings 
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Fig. 7—CXAS—Indicator desk—covers removed 


operating controls were combined into an assembly called the Indicator 
Desk, a photograph of which is shown in Fig. 7. This was intended for 
indoor mounting below the antenna in such a position that the azimuth 
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hand wheel on the desk could be connected to the antenna turntable by a 
shaft. The indicator employed a 7” cathode ray tube and displayed the 
radar signals by what is now known as a Class A sweep with a full scale of 
100,000 yards. A pioneering feature of this indicator was the provision of 
a series of electronic range marks to increase the accuracy with which target 
range could be read. Earlier indicators had used a ruled mask for the 
range scale and had suffered in accuracy due to parallax, sweep non-lin- 
earity, drift of sweep position, etc. The CXAS provided sharp pulses to 
mark the 10,000-yard intervals along the sweep line, and smaller pulses to 
mark the intervening 2,000-yard intervals. This system was free from 
the errors of the ruled mask and permitted range readings accurate to 
+200 yards throughout the 100,000-yard scale. Provision was also made 
to expand any desired 20,000-yard segment of the scale to fill the entire 
tube screen so that signals could be examined more closely. The ranges 
corresponding to the 10,000-yard intervals were designated by illuminated 
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Fig. 8—CXAS—Range mark system 


numerals located directly below the electronic scale. The presentation 
obtained with this arrangement is indicated in Fig. 8 which shows the 
electronic calibration marks, transmitted pulse, and an echo at 43,000 
yards on both the full and expanded scales. 

The third part of the CXAS equipment was an assembly known as the 
Transmitter-Receiver or Main Unit. It was designed to be unattended in 
normal operation and contained the Pulse Generator, Radio Receiver, 
Power Control Panel, Radio Transmitter, and H.V. Rectifier, which were 
all built as removable drawer type units. A side compartment in the 
Main Unit also housed the duplexing circuits, gas equipment for the trans- 
mission line, and some built-in test equipment, including a wavemeter and 
monitoring rectifier. The Main Unit and its sub-units are shown in Figs. 
9 to 14, respectively. A single }” coaxial transmission line provided con- 
nection from the Main Unit to the antenna. 

In order to use a single antenna for both transmission and reception, 
means had to be provided to effectively disconnect the receiver during the 
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Fig. 9—CXAS—Main unit 


transmitted pulse and to effectively disconnect the transmitter when the 
echo is received. If this were not done, a large part of the transmitted 
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energy would be dissipated in the receiver. Also, the minute received 
energy would be partially lost in the transmitter output circuit thus re- 
ducing the maximum range. Because of the extremely short time in- 
tervals between transmitted and received pulses, ordinary switching methods 
cannot be used. A duplexing technique mentioned earlier was therefore 
developed to provide this function. In the CXAS Radar this switching 
was obtained by connecting the transmitter and receiver to the antenna 
transmission line through adjustable lengths of coaxial line which were 
preset for a given operating frequency to be effectively an odd multiple of 





Fig. 10—CXAS—Modulation or pulse generator 


one-quarter wavelength long. During the transmitted pulse, a small 
amount of the transmitted power overloaded the first tube in the receiver 
and provided a low impedance at that point. Due to the line length 
between receiver and junction point this low impedance is reflected as a 
high impedance at the junction point with the result that very little power 
is lost in the receiver line. At the end of the transmitted pulse the output 
impedance of the transmitter consists only of the small inductance of the 
output coupling loop and this impedance is reflected by proper choice of 
line length as a very high impedance at the junction joint with the receiver 
line. Thus, most of the received echo is directed to the receiver input 
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Fig. 11—CXAS—Receiver 
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Fig. 12—CXAS—Power control panel 





Fig. 13—CXAS—Transmitter 
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circuit.. The adjustable duplexing transmission lines may be seen in the 
side compartment of the Main Unit on Fig. 9. 

The equipment just described could be operated over a small frequency 
band of about 40 megacycles in the neighborhood of either 700 or 500 meg- 
acycles. The transmitter, receiver, and duplexing circuits were tunable 
over the entire range, but it was necessary to set up the antenna for one 
band or the other. This was accomplished by installing the proper one of 
the two sets of dipoles furnished, and installing or omitting a set of wedges 





Fig. 14—CXAS—High voltage rectifier 


which tilted the reflector wings to change the parabola focal length. This 
antenna set a precedent in design in that the dipoles and coaxial harness 
were designed for fairly broadband operation and were entirely free from 
field tuning adjustments which had been very troublesome in earlier 
equipment. 

The CXAS Radar was demonstrated to the Navy in December 1940. 
After a few tests it was decided by the Navy to standardize on the 700- 
megacycle band. One of the principal reasons for this was that the tests 
had proved the superiority of shorter waves for surface target work; the 
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CXAS having regularly out-performed much higher powered equipment 
operating at 100 or 200 megacycles for this service. The reason for this 
can best be uuderstood by reference to Fig. 15 which illustrates what happens 
when a radio beam is directed horizontally over water. The beam breaks 
up into an interference pattern of several rays due to reflection from the 
surface; the position of the lowest ray depending only upon the height of 
the antenna measured in wavelengths above the water. Since the mount- 
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Taste I 
Operating Frequency.......... Tunable 680-720 mcs. 
ANCONA, :oycecracye- steerer aise ape Dipole array ef 8 half-wave radiators, reflector 6’ x 6’, 
beam width 12 degrees, gain 22 db. 
Transmitter Pulse Power...... Approximately 2 kw. 
Pulse Repetition Rate . 1640 PPS 





.... Variable in 5 steps from 1 to 5 microseconds. 
Receiver-Superheterodyne...... 1 mc bandwidth, 30 mc IF frequency. 

Receiver Noise Figure......... Approximately 24 db. 

Range Calibration............ Electronic marks at 10,000 and 2,000 yard intervals. 


Pulse Duration... ... : 














ing height available aboard ship is fixed, the use of shorter wavelengths 
made it possible to keep the lowest ray more nearly horizontal where it 
could intercept a target’s superstructure at greater distance. 

The principal characteristics of the CXAS Radar as set up for operation 
at 700 megacycles are given in Table I. 

This equipment gave useful results on surface targets at ranges of 10 
miles or more (depending on the size of the target) and the range accuracy 
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of about -++200 yards was then considered very usable in surface target 
fire control. The target azimuth could also be determined to a precision 
of one or two degrees by rapidly swinging the antenna back and forth and 
observing the point which gave a maximum echo signal. This angular 
information was hardly good enough for fire control use. The equipment 
was also of some use against low flying aircraft as a means of getting better 
range data for fire control. Minor equipment difficulties were not entirely 
solved; in particular the doorknob triodes in the transmitter had a very 
short life under the high voltage pulse operating conditions. They had, of 
course, been designed originally for CW communication use and strenuous 
development effort to make them more suitable for the intermittent high 
power radar use had not been very successful. 


Tue Mark 1 Rapar 


In spite of the obvious unsolved development problems the Navy im- 
mediately ordered 10 equipments, similar to the CXAS, for use in the 
Fleet. These were first called the FA Radio Ranging Equipment but the 
designation was later changed to Radar Mark 1. Several changes were 
made to better adapt the equipment for installation aboard ship, the princi- 
pal one being a servo driven antenna pedestal of the amplidyne type which 
was furnished by the General Electric Company. The servo system elim- 
inated the antenna drive shaft problem while retaining control from a 
handwheel on the control desk. The desk was also modified to provide 
dials reading both relative and true azimuth bearing, the latter being ob- 
tained by interconnection with the ships gyro compass system. 

The first Mark 1 Radar was shipped by the Western Electric Company 
in June 1941 and installation on the USS Wichita was completed at the 
Brooklyn Navy Yard early in July 1941. This was the first fire control 
radar in our Fleet and the first of many thousands of radars of all types 
which the Western Electric Company was destined to build for the Navy 
in the following four years. 


THe Mark 2 RADAR 


While the ten Mark 1 radars were being built, development work was 
proceeding at top speed on major improvements designed to increase per- 
formance, eliminate operating troubles, and to make this new device fit 
better into the existing fire control situation aboard ship. The older opti- 
cal devices were neatly integrated into a system, many features of which 
were automatic. For example, the gyro stabilized telescopes and optical 
range finder were assembled into a compact rotating armored box called a 
director, located high on the ship. Target data from the director was sent 
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automatically by synchro data transmitters to the computer below decks, 
which solved the fire control problem and likewise transmitted automatically 
the correct information to the guns. For the new radar target locating 
device to fit into the existing system it was necessary to make its angle 
finding function operate more in the manner of the telescopes. Not only 
was it desired to determine target angles more accurately but it was nec- 
essary to track target position continuously and smoothly. Finally, to 
take care of the anticipated need for rapidly changing back and forth during 
an engagement from optical to radar data it became apparent that the 
same operators should handle both jobs. Thus it was decided that the 
system should provide the existing operators with oscilloscopes to sup- 
plement their telescopes, and to arrange them so either could be used as 
desired. Further to coordinate the data it became obvious that the radar 
antenna should be connected with the optics in such a way that the two 
were always pointed in the same direction. This would make it possible 
to leave the existing data transmission system alone and would avoid any 
break in data when changing from optics to radar or vice versa. For 
example, if a visible target disappeared behind a fog bank the telescope 
operator would simply move his head to look at his oscilloscope and data 
would continue to flow smoothly to the computer and to the guns. 

Thus the engineers of the Navy decided the new radar device could be 
fitted into the existing fire control system. Any other decision would 
likely have required modification of many parts of the system, and would 
have delayed the extensive use of fire control radar by a matter of years. 
The Bell Telephone Laboratories were accordingly asked to modify and 
improve the radar design to make possible the coordination of optics and 
radar as just discussed. The new radar was to be called Mark 2 and was 
to be similar to the Mark 1 but modified to provide continuous tracking in 
azimuth with an accuracy of --15 minutes of arc, and continuous tracking 
in range with an accuracy of +50 yards. Further, the operator’s oscil- 
loscopes and controls were to be put into small units that could be mounted 
alongside of the telescopes in the director, and the antenna was to mount 
on the director. These requirements demanded some important forward 
steps in radar development which will be described in some detail. Before 
Radar Mark 2 got into production a much higher powered transmitter was 
developed and with this change the equipment was re-named Radar 
Mark 3. 


THe Mark 3 RaDAR 


The general arrangement of apparatus for this radar differed from the 
Mark 1 principally in the indicators, which were designed to mount in the 


20 BELL SYSTEM TECHNICAL JOURNAL 


already crowded gun director. These indicators are shown in Figs. 16, 17 
and 19. Fig. 16 shows the range operator’s oscilloscope, called the Control 
and Indicator, which was located near the optical range finder. Adjacent 
to this unit was mounted the range unit, shown in Fig. 17 by means of 
which the operator could select the target to be followed and continuously 





Fig. 16—Control & indicator—Radars Mark 2, 3 & 4 


maintain accurate range readings. A typical installation of these two 
units is shown in Fig. 18. The third unit, shown in Fig. 19, is called a 
Train or Elevation Indicator and, in Radar Mark 3 (which was for sur- 
face fire only) this indicator was mounted adjacent to the Train (azimuth) 
Operator’s telescope. 

In addition to the Train Indicator, the azimuth operator was provided 
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Fig. 17—Range unit—Radars Mark 2, 3 & 4 
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Fig. 18—Mark 3 Radar—Range operator’s position on Cruiser Honolulu (Navy Photo 
153-6-42) 
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with a Train Meter of the zero center type which indicated the direction of 
deviation from true target position. One of these meters of early design 
can be seen in Fig. 38. Two meters of later design are shown in Fig. 39 
mounted immediately below optical telescopes. The pulse generator, 
receiver, transmitter, rectifiers, etc., were located below decks in the Trans- 





Fig. 19—Train or elevation indicator—Radars Mark 2,3 & 4 


mitter-Receiver, or Main Unit which was very similar in appearance to 
the Main Unit of Radar Mark 1 shown in Fig. 9. 

Two types of antennas were provided for this radar: a 6 ft. by 6 ft. 
parabolic array similar to the Mark 1 antenna, and a 3 ft. by 12 ft. parabolic 
array. Either one or the other of these antennas was mounted on top of 
the gun director and rotated with it in azimuth. Both were provided with 
azimuth lobe switching to be described later. Because of the relatively 
narrow elevation beam of the 6 ft. by 6 ft. array, this antenna required gyro 
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stabilization in elevation to take care of pitch and roll of the ship. Such 
stabilization was not required with the broad elevation beam obtained with 
the 3 ft. by 12 ft. antenna; and in addition, this wider antenna provided 
more accurate tracking due to the narrower antenna beam in azimuth. 
Installations of these antennas aboard ship are shown in Figs. 20 and 21 
and 22, 23 and 24. 





Fig. 20—Radar Mark 3 antenna (6’ x 6’) on Cruiser Honolulu (Navy Photo 144-6-42) 


Antenna Lobe Switching 


The problem of measuring angles accurately with a relatively broad 
radio beam has been faced many times in the radio direction finding art. 
The most successful attack has made use of the fact that while the nose of a 
radio antenna beam is blunt, the sides of the beam are relatively steep; i.e., 
while the rate of change of signal amplitude with angle is very low near the 
nose of the beam it becomes substantial down on the side of the beam. 
A very well known application of this principle is the airway radio range 
wherein two very broad overlapping beams define a narrow path by uti- 
lizing the points where the two overlap with equal intensity. A somewhat 
similar scheme in which the antenna beam is switched rapidly between 
two positions has been applied in radar, and in an early form was first used 
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in this country by the Signal Corps in the work described by General Colton, 
to which reference has been made. 

The use of two antenna beam (or lobe) positions to obtain more accurate 
radar angle d! referred to as lobe switching and the operating principle 
is illustrated in Fig. 25. The antenna beam is shown in two positions: 
position 1 being directed to the right, and position 2 to the left of the me- 
chanical axis of the antenna. The antenna beam is caused to switch rapidly 
between these two positions, and simultaneous with this switching a small 
horizontal displacement of the indicator Class A sweep is introduced. In 








Fig. 21—Radar Mark 3 antenna on Destroyer Porter (Navy Photo 2711-42) 


this manner the signals received in the two beam positions may be viewed 
separately. The speed of switching is made sufficiently high to minimize 
flicker and the effect of fading signals. It will be noted from this diagram 
that the signal strength received from target A is the same for both beam 
positions thereby producing equal “pip” heights on the indicator screen. 
However, for target B the signal amplitude is greater in position 1 than in 
position 2 and the “pip” amplitudes on the indicator differ correspondingly. 
If the operator wishes to track target B it is only necessary for him to 
rotate the antenna until the two “pips” are of equal amplitude. Smooth 
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flow of azimuth data will be obtained if the operator continuously maintains 
equal amplitude of the two “pips”. 

In the Signal Corps equipment to which reference has been made, sep- 
arate antennas were used for transmission and reception with lobe switching 





Fig. 24—Radar Mark 3 antenna (3’ x 12’) on Cruiser San Francisco after Pacific battle 
(Navy Photo 34133) 


applied only to the receiving antenna. Space limitations aboard ship 
made it mandatory to accomplish all functions using a single antenna. 
This required the development of a lobe switching device capable of with- 
standing the high peak power during the transmitted pulse; a problem 
which had not been faced in the Signal Corps equipment. It was further 
desired to provide a weatherproof lobe switching device, free from radio 
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Fig. 26—Mark 2 & 3—Antenna schematic 


frequency adjustments, in order to simplify operation and maintenance. 


The manner in which these objectives were met is described below. 
To obtain lobe switching of the antenna beam, use was made of the fact 
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that the beam position depends upon the relative phase of the excitation 
applied to the radiating elements of the array. If all elements are excited 
in phase, as in Radar Mark 1, the beam will be normal to the line of the 
array, while gradually increasing phase difference across the array will 
result in displacement of the beam. For small angles of beam shift, en- 
tirely satisfactory results may be obtained by shifting the phase of excitation 
applied to one-half of the array with respect to the other, and this expedient 
results in a much simpler phase shifting mechanism than would be required 
to obtain uniform phase change. This system was used in Radar Mark 
3 and its application is illustrated schematically in Fig. 26. It will be 
seen that this array is identical to that used for Radar Mark 1 except for 
the central section of transmission line in which a lobe switching unit has 
been added. In this unit the phase of excitation to one-half of the array 
is retarded with respect to the other half by connecting a capacitive re- 
actance alternately across one feed line or the other to obtain the two beam 
positions. Switching is accomplished by the use of a motor driven rotary 
capacitor shown in Section A-A. The rotor is a semicircular aluminum 
casting which is maintained at substantially ground potential by very close 
spacing to the grounded metal housing. The two stators are small metal 
plates which interleave with the rotor during approximately one-half 
revolution and are connected through half-wavelength coaxial lines to the 
antenna transmission lines. The purpose of the half-wavelength stub lines 
is to avoid physical limitations which would otherwise be encountered in 
connecting the rotary capacitor to the lines. Allowance is made in these 
stubs for end-loading caused by stray capacitance of the stator plates and 
supporting insulators. It will be seen that during nearly one-half revo- 
lution of the rotor one of the stators is engaged to shift the antenna beam in 
one direction while during the other half revolution the other stator is 
engaged to produce the other lobe position. The switching occurs during 
the small interval in which both stators are engaged by the rotor. Signals 
received during this interval are blanked out in the indicator. The rotor of 
the lobe switcher is driven at about 30 RPS by an induction motor mounted 
within a weatherproof housing. The motor shaft also carries cam operated 
contacts to produce image spacing on the indicators, control signals for the 
Train. Meter, and blanking during the lobe switch interval. The entire unit 
is gas tight and is filled with dry gas through the transmission line. 

The value of the lobe switching capacitor and its position along the feed 
line must satisfy two conditions: first, the phase shift must be such that the 
antenna beam will be displaced by the desired amount; and second, the 
impedance at the feed point must be such that equal division of power will 
be obtained in the two halves of the array. In the first Radar Mark 3 
antenna (6 ft. by 6 ft. parabolic array) a beam displacement of about 3.0 
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degrees was chosen as a suitable compromise between target angle sen- 
sitivity (steepness of beam) and reduction of signal amplitude ‘‘on target”. 
This displacement required a phase shift of approximately 53 degrees 
between the two halves of the array. From transmission line theory it can 
te shown that this phase difference will be obtained with a capacitive 
reactance equal to the characteristic impedance of the feed line when con- 
nected at a point 0.176 wavelength from the feed point. It can also be 
shown that this condition satisfies the requirement for equal power division 
to the two halves of the array. A capacitor of the required value (about 
3 micromicrofarads) can readily be built to withstand the peak transmitted 
power by proper condenser plate separation. A frequency variation of 
about 40 megacycles can be tolerated without materially affecting the 
antenna performance. 


Tasie TT.—Antenna Characteristics 

























Radar Mark 3 Radar Mark 4 

Dimenslanss os. cca. dee cscs ten sacawsaca ts 3’ x 12’ 6x 6’ OS ald 
Apperture in Wavelengths 

Azimuth, ... 8.5 4.25 4.25 

Elevation. sate 2.1 4,25 4.95 
Beam Width in Degrees (between half power 

points in one way pattern) r 

Azimuth 6 12 12 

Elevation 30 14 12 
Antenna Gain in db 22.0 22.0 22.5 
Beam Shift in Degrees 

Azimuth £1.5° 3.0° +3.0° 

Elevation. = — +3.0° 





A lobe switching unit similar to that described above was also applied to 
the 3 ft. by 12 ft. antenna. Pertinent information regarding beam widths 
and lobing angles for both antennas (together with information on the 
antenna for Radar Mark 4 to be described later) is given in Table IT. 

The effective beam widths as used in these radars were somewhat narrower 
than the values given above due to the square law characteristic of the 
second detector in the receiver, and the deflection sensitivity was such that 
the specified tracking accuracy of +15 minutes of arc could readily be 
achieved. The “‘on target” position or axis of the antenna (lobe crossover) 
was carefully aligned with the optical telescopes at the time of installation 
so that either optics or radar angles could be used. The symmetrical design 
of the antenna made this alignment substantially independent of small 
changes in operating frequency. 

To minimize target confusion the signals presented on the Train or 
Elevation Indicator (azimuth operator’s oscilloscope) consisted only of 
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those received from the target being tracked by the range operator, all 
others being blanked out in the indicator circuits. 


Accurate Range Measurement 


The second major problem which required solution to adapt radar to the 
fire control problem was the provision of means for accurate and continuous 
range tracking. It was obvious that what was required was some sort of 
electronic range mark on the indicator sweeps, the position of which could 
be varied by a rotary device whose motion could be used to transmit range 
information to a remote point over a synchro system. The range mark 
could then be aligned with the target “pip” on the oscilloscope. For 
accurate data transmission it was necessary to obtain a linear relationship 
between angular rotation of the range handwheel and corresponding range 
to the marker on the radar indicator screen. 

One method which was first employed by the Signal Corps made use of 
the fact that the transmitted pulses were generated at a periodic rate from a 
sine wave oscillator of fixed frequency; the pulse being produced at a fixed 
point in each cycle. By transmitting this same sine wave through a linear 
phase shifter a new pulse could be generated whose position in time, rel- 
ative to the transmitted pulse, could be varied by rotation of the phase 
shifter. In the Signal Corps equipment a special goniometer was used to 
produce the phase shift and the accuracy obtained was considered adequate 
for the intended purpose. However, non-linearity of the phase shifting 
device, though small, was much greater than could be tolerated in the 
Navy fire control system. A study indicated that large scale manufacture 
of special phase shifters, hand adjusted to meet the stringent accuracy re- 
quirements was out of the question. It was therefore decided that a two 
speed system be used, in which the phase shifter errors would be divided by 
the gear ratio to the high-speed unit in much the same way that accurate 
synchro information is transmitted by a “coarse” and a “fine” synchro. 
The manner in which this was worked out by Bell Telephone Laboratories 
and applied to Radars Mark 3 and 4 is described below. 

The method of range measurement can perhaps best be understood by 
first examining the method of presentation used on the cathode ray tube 
indicator for the range operator. This presentation is shown in Fig. 27 
in which it will be noted that a Class A sweep is used to display the trans- 
mitted pulse and received echoes. This horizontal sweep, however, differs 
from the simple sweep of earlier radars in several respects. First, the 
central portion of the sweep is expanded to permit more accurate viewing 
of signals appearing within this region; second, a downward deflection 
called the range “notch” is produced in the approximate center of the ex- 
panded section; and third, the circuits are so arranged that the notch 
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remains centered as the range unit phase shifters are rotated thus causing 
all of the signals (rather than the notch) to move across the screen. Range 
measurement is made by rotating the range unit handcrank to place the 
desired signal in the center of the range notch on the indicator. This 
type of presentation has several advantages. It permits the full 100,000-yard 
range to be viewed at all times so that new targets may be immediately 
detected, and permits accurate viewing of the desired target in the expanded 





Fig. 27—Mark 3 & 4—Range presentation 


center of the sweep where best focus is obtained. For smooth range track- 
ing it is only necessary for the operator to rotate the range unit hand crank 
to keep the desired signal centered in the range notch. 

A block diagram of the range measuring system, together with the circuits 
used to obtain the cathode ray indicator presentation described above, is 
shown in Fig. 28. A base or reference oscillator generates a sine wave of 
1.639 kc, one cycle of which corresponds to a radar range of 100,000 yards. 
This wave, after amplification, is applied to a non-linear coil pulse gene- 
rator® which generates short pulses (one positive and one negative pulse 


3 “Magnetic Generation of a group of Harmonics,” E. Petersen, J. M. Manley, L. R. 
Wrathall—August 1937, B. S. T. J., October 1937. 
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per cycle); the positive pulses being used for keying the transmitter. These 
pulses are rich in odd harmonics of the base oscillator frequency. By 
rectifying these pulses to reverse the negative pulses, even harmonics of 
the base frequency are obtained and the 18th harmonic (29.5 kc) is se- 
lected by means of a filter. This harmonic frequency and the original 
base frequency are applied to two phase shifters whose shafts are geared 
together in the ratio of 18 to 1. Since one revolution of the one speed 
phase shifter corresponds to 100,000 yards, one revolution of the 18-speed 
unit corresponds to only 5550 yards with the result that range errors caused 
by non-linearity of this phase shifter are reduced by a factor of 18. The 
phase shifters employed are similar to those designed by Bell Telephone 
Laboratories for use in a phase measuring bridge‘ and are linear to within 
+1.5 degrees or about 0.4 per cent. The possible range error introduced 
by imperfections in the 18-speed phase shifter was therefore only 23 yards, 
well within the design requirements. It remains to be shown how this 
accurate range information was applied to the indicator. 

The output of the 18-speed phase shifter in the range unit is connected 
to the Control and Indicator where the phase shifted sine wave is used to 
generate short, rectangular pulses of about 600 yards duration. One pulse 
is produced for each cycle of the 29.5 kc wave so that 18 of them occur during 
the 100,000-yard sweep interval. It is desired that only one of these pulses 
appear as a range notch on the indicator screen and this pulse is selected 
from the others by a pedestal pulse generated from the output of the one 
speed phase shifter. It will be noted that as the phase shifters are rotated 
by means of the range unit hand crank, the desired pulse from the 18-speed 
phase shifter will remain substantially centered on the one-speed pedestal 
pulse. After further shaping, the selected pulse is mixed with the received 
signals in the second video amplifier and is then applied to the vertical 
plates of the cathode ray indicator to form the “range notch”. The range 
notch is also transmitted to the Train Indicator and Train Meter where it 
is used to prevent any signal from affecting those instruments except the 
one being tracked by the range operator. 

Since it is desired to have the range notch appear in the center of the 
100,000-yard sweep on the indicator, the sweep trigger pulse must occur 
50,000 yards in advance of the notch. This trigger is obtained by se- 
lection of another pulse from the accurate phase shifter, this time using a 
one-speed pedestal produced by an input of reversed phase. The pulse 
thus selected is used as a trigger for starting a saw-tooth sweep wave with a 
duration corresponding to 100,000 yards radar range. Expansion of the 
center portion of this sweep is obtained by adding to this wave a second 


4L. A. Meacham, U. S. Patent 2004613. 
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saw-tooth wave having maximum rate of change in the center of the sweep; 
the latter being derived from the range notch selection pedestal. The 
combined sweep is then applied to the horizontal plates of the cathode ray 
tube. The return trace is blanked by applying to the control grid of the 
cathode ray tube a voltage obtained by differentiating the sweep waveform. 


Transmitter 


As mentioned earlier the transmitter oscillator tube problem was one 
of the major obstacles in the march of radar development to higher fre- 
quencies. Intense development effort on many possible types of tubes was 
underway in several laboratories in this country and abroad during 1939 





Fig. 29—W. E. 700-type magnetron—one side removed 


and 1940. The first significant improvement came in England where work 
with multicavity magnetrons showed that this device was probably the 
answer to radar’s need for a highly intermittent duty oscillator suitable for 
high power in the microwave region. A sample of this device was brought 
to this country by the Government and was tested in Bell Telephone Lab- 
oratories in October 1940. It produced pulses of several kilowatts at a 
frequency in the neighborhood of 3000 mc. A tremendous development 
of this device got under way immediately® and the multicavity magnetron 


5 “The Magnetron as a Generator of Centimeter Waves,” J. B. Fisk, H. G. Hagstrum, 
and P. L. Hartman, B. S. T. J., January, 1946. 
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became the key piece in the enormous development of radar equipment for 
still higher frequencies during the war. However, at the beginning of 1941 
there were still many unsolved problems in 3000 mc radar other than that 
of the transmitter tube. On the other hand, the systems problems had 
been quite satisfactorily solved in the 700-mc region. The decision was 
therefore immediately made to extrapolate the British design down to 





Fig. 30—Mark 3 & 4—transmitter 


700 mc in order to obtain a higher powered and more satisfactory oscillator 
for the existing systems. This was done at top speed and a picture of the 
resulting tube is shown in Fig. 29. This was the first type of multi-cavity 
magnetron to go into production in this country. Concurrent with the 
design of the new magnetron the vacuum tube department of the Lab- 
oratories developed an improved tetrode modulator tube which was many 
times as efficient for radar pulse service as the triodes formerly used. This 
tube was designated W.E. 701-A. 

A new transmitter using the magnetron and two of the new modulator 
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tubes was rushed through development and produced in time to go with 
the first accurate fire control radars. This transmitter provided a peak 
power output of about 40 kw with a pulse duration of 2 microseconds. It 
resulted in a material increase in reliable range, with satisfactory tube life. 
The new transmitter, shown in Fig. 30, was made mechanically inter- 
changeable with the old and was applied retroactively also to the Mark 1 
Radars. 
Duplexing 


The use of the high-power transmitter required additional protection 
for the receiver during the transmitted pulse in order to prevent damage 





Fig. 31—W. E. 702—TR tube 


and to permit the receiver to recover rapidly for reception of nearby echoes. 
The duplexing equipment was therefore modified to inclu de a gas switching 
tube in the receiving transmission line. This was a refinement of the 
method used earlier by the Naval Research Laboratory. 

The switching tube (W.E. 702A) was developed specifically for this 
purpose and is shown in Fig. 31. It was the first of the “TR” tubes of this 
general form and consists of a hydrogen-water vapor filled glass chamber 
with three copper electrodes.6 This tube was mounted in the center of a 
half-wavelength coaxial line short circuited at each end, the outer con- 
ductor being connected to the outer electrodes and the center conductor 


8 “The Gas Discharge Transmit-Receive Switch,” A. L. Samuel, J. W. Clark, and W. W. 
Mumford, this issue of B. S. T. J. 
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to the middle electrode. Input and output connections were tapped on 
this half-wave line near the short circuited ends. During reception this 
assembly introduces negligible loss in the receiving line. However, during 
the transmitted pulse a small amount of the transmitted power ionizes the 
gas in the switching tube and effectively short-circuits the receiver line. 
This device, which in later forms came to be called a ““T-R Box”, is located 
near the receiver input and the length of line between it and the junction 
with the transmitter line can be adjusted to an odd multiple of quarter 
wavelengths to present the desired high impedance at that point during 
transmission. 


Receiver 


The receiver delivered with early Mark 3 equipments was identical to 
that used in Radar Mark 1. It was of the superheterodyne type em- 
ploying one stage of RF amplification (doorknob tube), 316A oscillator tube, 
and doorknob first detector. The intermediate frequency amplifier had a 
bandwidth of about 1 megacycle at a midband frequency of about 30 mega- 
cycles. The second detector and video stages were located in the indicating 
equipment. A photograph of this receiver is shown in Fig. 11. 

Since in microwave work the controlling noise is that produced in the 
receiver, it is desirable to reduce this noise to the theoretical limit of thermal 
agitation in the input circuit. However, in 1939 tube limitations and 
circuit design techniques at these frequencies resulted in performance far 
short of this goal. The amount by which the receiver noise exceeds the 
theoretical minimum has been termed the receiver “noise figure” and in 
this early receiver the noise figure was about 24 db. It was recognized that 
considerable improvement in maximum range could be obtained by reducing 
this receiver noise. 

Shortly after first deliveries of Radar Mark 3 a new tube (GL-446 or 
“lighthouse” tube) was made available by the General Electric Company 
which showed promise of providing a substantial improvement in the 
receiver noise figure. An amplifier using this tube was accordingly de- 
signed by Bell Laboratories in which coaxial cavities were used for tuning 
elements. Two stages of amplification were used to replace the single 
“doorknob” tube stage previously employed. The new amplifier resulted 
in a reduction of the receiver noise figure to about 9 db and provided a 
marked improvement in maximum range capability of the radar. These 
amplifiers were manufactured and shipped to the Fleet for field installations 
on early equipments and were included in productions on equipments 
shipped subsequently to availability of the amplifiers. A photograph of 
the receiver with the two amplifiers installed is shown in Fig. 32. 

Another field modification provided automatic gain control of the signal 
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selected by the range operator. This was supplied in the form of an ex- 
ternal unit which controlled the gain of the receiver IF amplifier to reduce 
signal fluctuations produced by fading. 

The first production Mark 3 Radars were delivered to the Navy in October 
1941, and the first two installations were completed on the main battery 
directors of the U.S.S. Philadelphia at the Brooklyn Navy Yard that month. 


RaparR Marx IV 


During the development work on Radar Mark 3 the Navy pointed out the 
need for a fire control radar for use with the 5-inch Naval guns against 
enemy aircraft. The Bell Telephone Laboratories was therefore requested 
to further modify the radar design to meet this need. The anti-aircraft 
equipment was first designated FD, later becoming known as Radar Mark 
4. 

For antiaircraft fire control a new coordinate had to be added to the 
target-locating system; namely, elevation angle. Again it was desired that 
the additional information be obtained from the single antenna with a 
precision equal to that already obtained in azimuth. This problem was 
approached in a manner similar to that used for the Mark 3 antenna and is 
described below. 


Two Plane Lobe Switching 


In considering two plane lobe switching methods it appeared that the 
desired result could be obtained by mounting two 3 ft. x 6 ft. parabolic 
arrays one above the other. This arrangement was tried and resulted in 
the array shown in Fig. 33. It provided two plane lobe switching with an 
antenna only slightly larger than the 6 ft. x 6 ft. antenna used before and 
had comparable gain and beam width (see Table II). 

A schematic diagram of the array is shown in Fig. 34. Here it will be 
seen that there are two horizontal dipole arrays, each mounted along the 
focal line of a cylindrical parabola. The dipoles are in four groups and the 
interconnecting harness is criss-crossed and joined to the feed line at the 
center. Symmetrically placed around the feed point are four stub lines 
connected to the lobe switcher stators. Here again a semi-circular rotor is 
used for the lobing shifting capacitor. It will be observed that during each 
quarter turn of the rotor two stator plates are engaged, and the sequence is 
such that the beam shifts left, up, right, and down during one rotation. 
A separate Indicator was provided for the Pointer (elevation operator). To 
avoid signal confusion on the two Indicators it is necessary to show only 
left-right signals on the Trainer’s oscilloscope and up-down signals on the 
Pointer’s oscilloscope. This is accomplished by means of cam operated 
contacts in the lobe switcher which blank the indicators during the required 
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intervals. Other contacts on this assembly provide left-right and up- 
down image spacing. 





Fig. 33—Mark 4—antenna on gun director 


Except for the new antenna and the additional Train or Elevation In- 
dicator for the Pointer (elevation operator), this radar was identical to 
Radar Mark 3. The first demonstration of a development model of Radar 
Mark 4 was made at Atlantic Highlands, New Jersey, in September 1941 
and this model was installed aboard the destroyer U.S.S. Roe the latter 
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Fig. 35—Mark 4 antenna on Battleship Tennessee (Navy Photo 1908-43) 
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Fig. 36—Radar antennas cn Battleship Tennessee (Navy Photo 1905-43) 
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part of that month. Initial production deliveries of these radars were made 
in December 1941. 

Typical installations of the Mark 4 Antenna on the secondary battery 
directors of a battleship are shown in Figs. 35 and 36. The main frame 
installation for Mark 3 and Mark 4 on a battleship is shown in Fig. 37 





Fig. 37—Radars Mark 3 & 4—main units on Battleship New Jersey (Navy Photo 181809) 


while typical installations of the train and elevation operator’s units in the 
director are shown in Figs. 38 and 39. 


APPLICATION AND Use oF Mark 3 anp 4 Rapars 


The Mark 3 radars, designed for use against surface targets only, were 
generally installed on the main battery directors of battleships and cruisers. 
The Mark 4 radars for use against either surface targets or aircraft were 
generally installed on the secondary battery directors of battleships and 
cruisers, and on the one and only dual purpose director on destroyers. 
Thus a battleship usually had two Mark 3 and four Mark 4 equipments and 
a destroyer one Mark 4. Practically every ship in the fleet, of destroyer 
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size or larger, was equipped with one or more of these equipments early in 
the war. A total of 139 Mark 3, and 670 Mark 4 radars were built, in- 
cluding those used ashore at schools. Although some of these equipments 
were replaced by more modern designs before the end of the war and some 
were lost in battle, there were still approximately 85 Mark 3 and 300 Mark 4 





Fig. 38—Mark 4 Radar—trainer & pointer operators’ positions on Aircraft Carrier Saratoga 
(Navy Photo 177347) 


radars in service in the fleet on V-J day. The first four Mark 4’s, Serial Nos. 
1, 2, 3 and 5 installed on the battleship Washington were used until the 
middle of 1945, although newer designs had been going on all new vessels 
for more than a year. 

These early equipments were the “guinea pigs” of fire control radar. 
They were the instruments with which our fleet learned to fight effectively 
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at night and thereby gain a large advantage over the enemy whose radar 
was feeble and inaccurate. They played a part in every one of the early 
battles and most of the later ones in the Pacific. They controlled the cruiser 
Boise’s guns in October 1942, when she blazed away at night at a vastly 
superior fleet in the Solomons and made the enemy pay 10 to 1 for the 





Fig. 39—Radar Mark 4—trainer & pointer operators’ positions on Destroyer Barton 
(Navy Photo 181775) 


damage they succeeded in doing. They were with the cruiser San Francisco 
on a night in November 1942, when a small U.S. force sank 27 enemy ships, 
almost completely destroying a large Japanese convoy bound for Guadal- 
canal when our hold there was at best precarious. The Mark 3 steered 
the big guns of the battleship South Dakota in the Solomons on the dark 
night of November 4, 1942, when she sank a major Japanese war vessel 
eight miles away with two salvos. Even in engagements in broad daylight 
when optics could be used for target angles these radars still played a vital 
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part in furnishing accurate range which made 5” gunfire against aircraft, 
for example, deadly at long range. Thus on October 16, 1942, when the 
South Dakota was attacked by planes she shot down an even 38 out of 38 
attacking. 

The rapid and widespread application of this rather complex electronic 
equipment was not accomplished without pain and confusion. It is beyond 
the scope of this paper to discuss the enormous problem of training in 
operation and maintenance that had to be solved, or of the tactical revo- 
lution in Naval warfare that fire-control radar produced. It is sufficient 
here to say that these and other problems were solved by heroic efforts of 
hundreds of officers and civilians in the Navy Department ashore and the 
thousands of officers and men of the fleet. Their problems were made more 
difficult by weaknesses in the equipment which were revealed by battle 
experience as the new science of radar got its baptism of fire. In every 
possible case the Laboratories attempted to remove the causes of recurring 
troubles by redesign and the furnishing of improvement kits of parts for 
installation in the fleet. The many lessons of experience learned from the 
Mark 3’s and 4’s were immediately applied in the design of the many more 
modern radars for the same and other types of service. 

The authors of this paper wish to express their gratitude to the many 
Navy men with whom they have worked in connection with these equip- 
ments, and whose whole-hearted cooperation during difficult times made 
possible the successful development of these fire-control radars. They 
also wish to thank their colleagues in Bell Telephone Laboratories who 
worked as a team to make this important equipment possible, and the men 
of the Western Electric Company for their help on the many engineering 
problems which arose during production and use in the field. It is the hope 
of all who were concerned with this development that accurate radars, like 
other radars, will find peaceful use in a peaceful world, but it is also the 
determination of these engineers that as long as we need a Navy, we will 
try to provide it with radars as much superior to those of any possible 
enemy as they were in the recent war. 
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The Magnetron as a Generator of Centimeter Waves 
By J. B. FISK, H. D. HAGSTRUM, and P. L. HARTMAN 


INTRODUCTION 


ATE in the summer of 1940, a fire control radar operating at 700 mega- 

cycles per second was in an advanced state of development at the Bell 
Telephone Laboratories. The pulse power of this radar was generated by a 
pair of triodes operating near their upper limit of frequency. Even when 
driven to the point where tube life was short, the generator produced peak 
power in each pulse of only two kilowatts, a quantity usable but marginal. 
Although the triodes employed had not been designed for high voltage pulsed 
operation, they were the best available. This is an example of how develop- 
ment of radar in the centimeter wave region was circumscribed by the lack 
of a generator of adequate power and reasonable life expectancy. More- 
~ over, the prospects of improvement of the triode as a power generator at 
these wavelengths and extension of its use to shorter wavelengths were not 
bright. Solution of the problem by means of power amplification was 
remote. A new source of centimeter wave power was urgently needed. 

For the British, who were at war, the problem was even more urgent. 
They had undertaken a vigorous search for a new type of generator of 
sufficiently high power and frequency to make airborne radar practicable 
in the defense against enemy night bombers. They found a solution in the 
multiresonator magnetron oscillator, admirably suited to pulsed generation 
of centimeter waves of high power. 

In the fall of 1940, an early model of this magnetron operating at ten cen- 
timeters was brought to the United States for examination. The first Ameri- 
can test of its output power capabilities was made on October 6, 1940 in the 
Bell Telephone Laboratories’ radio laboratory at Whippany, N. J. This 
test confirmed British information and demonstrated that a generator now 
existed which could supply several times the power that our triodes delivered 
and at a frequency four times as great. The most important restraint on 
the development of radar in the centimeter wavelength region had now been 
removed. 

A number of pressing questions remained to be answered, however. 
Could the new magnetron be reproduced quickly and in quantity? Was its 
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operating life satisfactory? Could its efficiency and output power be sub- 
stantially increased? Could one construct similar magnetrons at forty 
centimeters, at three centimeters, even at one centimeter? Could the mag- 
netron oscillator be tuned conveniently? One by one, during the war years, 
all of these questions have been answered in the affirmative. In many in- 
stances, but not without detours and delays, results have been better than 
expected or hoped for. 

The British magnetron was first reproduced in America at the Bell 
Telephone Laboratories for use in its radar developments and those at 
the Radiation Laboratory of the National Defense Research Committee 
which was then being formed at the Massachusetts Institute of Technology. 
Since that time, extensive research and development work has been carried 
on in our Laboratories, in other industrial laboratories, and in the laboratories 
of the National Defense Research Committee. , Several manufacturers have 
produced the resultant designs. Magnetron research and development was 
also carried on in Great Britain by governmental and industrial laboratories. 
There has been continuous interchange of information among all these 
laboratories through visits and written reports. Magnetron and radar de- 
velopments have been greatly accelerated by this interchange. 

Multicavity magnetron oscillators are now available for use as pulsed and 
continuous wave generators at wavelengths from approximately 0.5 to 50 
centimeters. The upper limit of peak power is now about 100 kilowatts at 
1 centimeter, 3 megawatts at 10 centimeters. Operating voltages may be 
less than 1 kilovolt or more than 40 kilovolts. The magnetic fields essential 
to operation range from 600 to 15,000 gauss. Tunable magnetrons now 
exist for many parts of the centimeter wave region. The tuning range for 
pulsed operation at high voltage is about +5%. It isas much as +20% 
for low voltage magnetrons. Magnetrons may now be tuned electronically, 
making frequency modulation possible. Present magnetron cathodes are 
rugged and have long life. Even for high frequency magnetrons where cur- 
rent density requirements are most severe, research has made available 
rugged cathodes with adequate life. Magnetrons are built to withstand 
shock and vibration without change in characteristics. Designs have been 
compressed and in some cases the magnet has been incorporated in the 
magnetron structure in the interest of light weight for airborne radar equip- 
ments. , 

PART I of this paper is a general discussion of present knowledge con- 
cerning the magnetron oscillator. As such it is largely a discussion of what 
has come to be common knowledge among those who‘have carried out 
wartime developments. It brings together in one place results of work 
done by all the magnetron research groups including that at our Labora- 
tories. PART I supplies the background necessary to understanding the 
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discussion in PART II of the magnetrons developed at the Bell Laboratories 
during the war. More complete presentations of the experimental and theo- 
retical work done on the magnetron during the war are soon to be published 
by other research groups. 

The material written up during the war has appeared as secret or confi- 
dential reports issued by the British Committee on Valve Development 
(CVD Magnetron Reports), by the Radiation Laboratories at the Massa- 
chusetts Institute of Technology and at Columbia University, and by the 
participating industrial laboratories. No attempt has been made in PART I 
to indicate the specific sources of the work done since 1940, To fit the war- 
time development of magnetrons into the sequence of previous developments, 
specific references are made to publications appearing in the literature prior 
to 1940. 

The nature and scope of PART II of the paper are discussed more fully 
in its introductory Section, 11. GENERAL REMARKS. 


PART I 


THE MAGNETRON OSCILLATOR 
1. GENERAL DESCRIPTION 


1.1 Description: The multicavity magnetron oscillator has three principal 
component parts: an electron interaction space, a multiple resonator system, 
and an output circuit. Each of these is illustrated schematically in Fig. 1. 
The electron interaction space is the region of cylindrical symmetry between 
the cathode and the multisegment anode. In this region electrons emitted 
from the cylindrical cathode move under the action of the DC radial electric 
field, the DC axial magnetic field, and the RF field set up by the resonator 
system between the anode segments. ‘These electronic motions result in a 
net transfer of energy from the DC electric field to the RF field. The RF 
interaction field is the fringing electric field appearing between the anode seg- 
ments, built up and maintained by the multicavity resonator in the anode 
block. RF energy fed into the resonator system by the electrons is delivered 
through the output circuit to the useful load. The output circuit shown in 
Fig. 1 consists of a loop, inductively coupled to one of the hole and slot cavi- 
ties, feeding a coaxial line. 

To operate such a magnetron oscillator, one must place it in a magnetic 
field of suitable strength and apply a voltage of proper magnitude to its 
cathode, driving the cathode: negative with respect to the anode. This 
voltage may be constant or pulsed. In the latter case, the voltage is applied 
suddenly by a so-called pulser or modulator for short intervals, usually of 
about one microsecond duration at a repetition rate of about 1000 pulses per 
second, With suitable values of the operating parameters, the magnetron 
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oscillates as a self excited oscillator whenever the DC voltage is applied. 
The energy available at the output circuit may be connected, as in a radar 
set, to an antenna or, as ina laboratory experimental setup, may be absorbed 
in a column of water. 

1.2 Analogy to Other Oscillators: In its fundamental aspects, the mag- 
netron oscillator is not unlike other and perhaps more familiar oscillators. 
In particular, instructive analogies may be drawn between the magnetron 
oscillator, the velocity variation oscillator, and the simple triode oscillator. 
In Fig. 2 is depicted schematically the parallelisms between these types of 
oscillators and a simplified equivalent lumped constant circuit. 

In the triode of Fig. 2(a), as in the gap of the second cavity of the velocity 
variation tube of Fig. 2(b) and in the interaction space of the magnetron 





Fig. 1.—A schematic diagram designed to show the principal component parts of a 
centimeter wave magnetron oscillator. The resonator system and output circuit each 
represents one of several types used in magnetron construction. 


oscillator of Fig. 2(c), electrons are driven against RF fields set up by the 
resonator or “‘tank circuit,” to which they give up energy absorbed from the 
primary DC source. In each type of oscillator there is operative a mecha- 
nism of “bunching” which allows electrons to interact with the RF field 
primarily when the interaction will result in energy transfer fo the RF field. 
In the triode oscillator this is accomplished by the grid, whose RF potential 
is supplied by the “tank circuit” in proper phase with respect to the RF 
potential on the anode. In the velocity variation oscillator, bunching is 
accomplished by variation of the electron velocities in the gap of the first 
cavity, followed by drift through the intervening space to the second gap. 
The first cavity is driven in proper phase by a feed back line from the second 
cavity. In the magnetron oscillator, as is to be described in detail later, 
electron interaction with the RF fields is such as to group the electrons into 
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Fig. 2.—A schematic diagram depicting the parallelism among the conventional 
triode oscillator, the velocity variation oscillator, the centimeter wave magnetron 
and an equivalent lumped constant circuit. In the figure an attempt is made to align 
corresponding parts vertically above one another. 


bunches or “spokes” which sweep past the gaps in the anode, in phase for 
favorable interaction with the RF fields across the gaps. The bunching field 
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is thus the same field as that to which energy is transferred. _ In this sense the 
magnetron oscillator is perhaps more properly analogous to the reflex type 
of velocity variation oscillator, in which a single cavity is used both as 
“buncher” and “catcher”; the electrons, after traversing the gap once, are 
turned back in the proper phase in the drift space so.as to pass through the 
gap again in the opposite direction. 

Each type of oscillator has a resonator in which energy is stored and which 
synchronizes the flow of energy from the electrons into it by the means of 
self excitation. In each type, energy is extracted from the resonator by an 
output circuit at a rate which, under steady state conditions, equals that of 
influx from the electron interaction, minus the losses in’ the resonator itself. 

1.3 Use of Equivalent Circuits: In many instances the understanding of 
electromagnetic oscillators is made easier and analytic trea tment made pos- 
sible by use of an equivalent circuit with lumped constants. Of several 
possible types, one of the simpler and more frequently used for the magne- 
tron oscillator is shown in Fig. 2. This may appear in the case of the multi- 
cavity magnetron to be an oversimplification as it does not account for the 
fact that the resonant frequency of the magnetron resonator system is many 
valued. A magnetron resonator, being made up of a number of coupled 
resonating cavities, is capable of supporting several modes of oscillation. 
These modes of oscillation have different resonant frequencies and corre- 
spond to different configurations of the electromagnetic fields. By means 
to be discussed, however, magnetron resonators can be made to oscillate 
“cleanly” in one of these modes and may thus be represented for many pur- 
poses by a-simple L-C circuit having a single resonance. 

The output circuit of the oscillator is also amenable to treatment by 
equivalent lumped constant circuits which account for its behavior with 
accuracy. More general, four terminal netwcrk theory has also been applied 
in the study and design of impedance transformations in this part of the 
oscillator. 

Finally, the electrons, which in a sense are connected to the circuit formed 
by the resonator and the load, may also be treated by circuit concepts. 
The electrons moving in the space between the cathode and anode, by virtue 
of their presence and motion, induce charge fluctuations on the anode seg- 
ments. The time derivative of these fluctuations is equivalent to an RF 
current flowing into the anode from the interaction space. This current and 
the RF voltage on the anode, bearing a definite phase relationship, make 
possible the definition of an admittance called the average electronic admit- 
tance, ¥, = G. + jB.. Since the electrons are being driven against RF 
fields in the interaction space, this admittance looking into the electron 
stream has a negative conductance term. Unlike usual circuit admittances, 
the electronic admittance is nonlinear, being a function of the voltage 
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amplitude of oscillation, Ver, as well as of other parameters governing the 
electronic behavior of the oscillator, such as voltage and magnetic field. 
It is not known a priori but may be deduced from measurements on the op- 
erating oscillator and its circuit. 

A necessary condition for oscillation, applicable to the magnetron as to 
any oscillator, is that, on breaking the circuit at any point, the sum of the 
admittances looking in the two directions is zero. Thus, if the circuit is 
broken at the junction of electrons and resonator, as is convenient, the elec- 
tronic admittance, Y,, looking from the circuit into the electron stream, 
must be the negative of the circuit admittance, Y,, looking from the electron 
stream into the circuit. 

With these remarks, of general applicability to all types of electromagnetic 
oscillators, the discussion will be continued for the centimeter wave mag- 
netron oscillator in particular. As far as is possible, the electronic inter- 
action space, resonator system, and output circuit of the device will be taken 
up in that order. The function and operation of each part will be described; 
then the principles of its design, and its relation to previous magnetron 
development will be indicated. 

1.4 Electron Motions in Electric and Magnetic Fields —The DC Magnetron: 
Before beginning the discussion of the electronics of the magnetron oscillator, 
it would be well to review briefly electron motions in various types and com- 
binations of electric and magnetic fields, and the operation of the DC 
magnetron,! 

An electron, of charge e and mass m, moving in an electric field of strength 
E, is acted upon by a force, independent of the electron’s velocity, of strength 
cE, directed oppositely to the conventional direction of the field. If the 
field is constant and uniform, the motion of the electron is identical to 
that of a body moving in a uniform gravitational field. 

An electron moving in a magnetic field of strength B, however, is acted 
upon by a force which depends on the magnitude of the electron’s velocity, », 
on the strength of the field, and on how the direction of motion is oriented 
with respect to the direction of the field. The force is directed normal to 
the plane of the velocity and magnetic field vectors and is of magnitude 
proportional to the velocity, the magnetic field, and the sine of the angle, 6, 


= > 
between them. Thus’ the force is the cross or vector product of v and B, 


oe > SoS 
F = ev X BI, F = Bevsin 0. 


An electron moving parallel to a magnetic field (sin @ = 0) feels no force. 
One moving perpendicular to a uniform magnetic field (sin 9 = 1) is con- 


a zi)” cylindrical DC magnetron was reported by A. W. Hull, Phys. Rev. 18, 31 
921). 
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strained to move in a circle by the magnetic force at right angles to its path. 
Since this force is balanced by the centrifugal force, the radius, p, of the 
circular path depends on the electron’s momentum and the strength of the 
field; that is, 


2 


mo- 
Bass; 
p 
ieldi == 1 
yielding P= B° (1) 
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Fig. 3.—The cycloidal path of an electron which started from rest at the cathode in 
crossed electric and magnetic fields for the case of parallel plane electrodes. The mecha- 
nism of generation of the orbit by a point on the periphery of a rolling circle is depicted. 


The time, 7, required to traverse the circle is independent of the radius 
and hence of the velocity of the electron; T. = 2xp/v = 2xm/eB. Thus, 
the angular frequency of traversing the circular path, the so-called cyclo- 
tron frequency, depends on the magnetic field alone and is given by, 


we = Inf. = re = ei (2) 

In the magnetron, electron motion in crossed electric and magnetic fields 
is involved. Consider first such motion between two parallel plane elec- 
trodes, neglecting space charge. If, as in Fig. 3, the electric field is directed 
in the negative y direction and the magnetic field in the negative z direction, 
the equations of motion of the electron are: 
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x _ eBdy 

df ~~ mdt’ 

dy ¢ dx 

df a(z Se }, 3 





The particular casc of most interest here is that for which the electron 
starts from rest at the origin. The equations of motion then yield a cycloidal 
orbit given by the parametric equations: 


v= td — peSinwe = pelwet — sin w),) 


(4) 
y = p(1 — cos wd), 
in which: 
E 
% = Bp (5) 
mE 
Pe = 2 ge (6) 
e 
@. = B. (7) 


This motion may be regarded as a combination of rectilinear motion of 
velocity v, in the direction of the x axis, perpendicular to both E and B, 
and of motion in the xy plane about a circular path of radius p,, at an 
angular frequency ,, the cyclotron frequency. Fig. 3 shows the resulting 
cycloidal path and its generation by a point on the periphery of the rolling 
circle. In the case of cylindrical geometry, it is often convenient to think 
in terms of the plane case. 

In the case of cylindrical geometry with radial electric and axial magnetic 
fields, the electron orbit, neglecting space charge, approximates an epicycloid 
generated by rolling a circle around on the cylindrical cathode. The orbit 
is not exactly an epicycloid because the radial motion is not simple harmonic, 
which state of affairs arises from the variation of the DC electric field with 
radius. The approximation of the epicycloid to the actual path is a con- 
venient one, however, because the radius of the rolling circle, its angular 
frequency of rotation, and the velocity of its center, for the epicycloid, 
all approximate those for the cycloid of the plane case. These approxima- 
tions improve with increasing ratio of cathode to anode radii. Several 
electron orbits in a DC cylindrical magnetron are shown in Fig. 4 for several 
magnetic fields. 
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It is clear from this simplified picture of the orbits in a DC cylindrical 
magnetron without space charge, that, at a given electric field, an electron 
orbit for a sufficiently strong magnetic field may miss the anode completely 
and return to the cathode. The critical magnetic field at which this is just 
possible is called the cut-off value, B.. For a given voltage between cathode 
and anode, as the magnetic field is increased, the current normally passed 
by the device falls rather abruptly at B.. A current versus magnetic field 
curve, together with electron orbits corresponding to four regions of the 





Fig. 4.—Electron paths in a cylindrical DC magnetron at several magnetic fields above 
and below the cut-off value, B.. “The electrons are assumed to be emitted from the cathode 
with zero initial velocity. 
curve, are shown in Fig. 5. For the case of parallel plane electrodes, the 
cut-off relation between the critical anode potential, V., and magnetic field, 
B., and the electrode separation, d, for the parallel plane case, is obtained 
by equating the electrode separation to the diameter of the rolling circle. 


Thus, 
m({Ve\ 1 
Tae =(F) 
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from which ve= 
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For the cylindrical case, the relation may be shown to be 


rh -P @ 


in terms of cathode and anode radii, r, and ra. 





2. Types OF MAGNETRON OSCILLATORS “hy 


2.1 Definitions: The DC magnetron may be converted into an oscillator, 
suitable for the generation of centimeter waves, by introducing RF fields into 
the anode-cathode region. This may be done by applying between anode 
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Fig. 5.—Variation of current passed by a cylindrical DC magnetron at constant voltage, 
plotted as afunction of magnetic field. The orbits of electrons occurring at four different 
magnetic fields are shown above the corresponding regions of the current characteristic. 


and cathode RF voltage from a resonant circuit, in which case the electrons 
interact with the superposed radial RF field. Or, it may be done by split- 
ting the magnetron anode into two or more segments between which the 
RF voltage is applied. Then the electrons interact with the fringing RF 
fields existing between the segments. The problem of understanding the 
electronics of the multicavity magnetron oscillator is that of understanding 
how an electron, subject to the constraints placed upon its motion by the 
DC axial magnetic and DC radial electric fields, can move so as to interact 
favorably with the RF field; how an electron interacting unfavorably is 
rejected; and why, on the average, the electrons transfer more energy to 
the RF field than they take from it. 
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On the basis of*the nature of the electronic mechanism by means of which 
energy is transferred to the RF field, it is now convenient to distinguish 
three types of magnetron oscillators? The negative resistance magnetron 
oscillator depends on the existence of a static negative resistance character- 
istic between the two halves of a split anode.? The cyclotron frequency mag- 
netron oscillator operates by virtue of resonance between the period of RF 
oscillation and the period of the cycloidal motion of the electrons (rolling 
circle or cyclotron frequency). The traveling wave magnetron oscillator de- 
pends upon resonance, that is, approximate equality, between the mean 
translational velocity of the electrons and the velocity of a traveling wave 
component of the RF interaction field.* 

The magnetron oscillator with which this paper is primarily concerned 
is of the traveling wave type. The other magnetron types are discussed 
briefly for the sake of completeness and because an understanding of them 
enhances one’s grasp of the entire subject and places the traveling wave 
magnetron oscillator in its proper historical perspective. 

2.2 The Negative Resistance Magnetron Oscillator—Type I: In the neg- 
ative resistance magnetron oscillator,® the anode is split parallel to the 
axis into two halves, between which the RF circuit is attached. ‘The elec- 
trons emitted by the cathode must move under the combined action of 
the DC radial electric and DC axial magnetic fields together with the RF 
electric field existing between the two semicylinders forming the anode. 
The transit time from: cathode to anode is not involved in the mechanism 
except that it must be small relative to the period of the RF oscillation. The 
static negative resistance characteristic arises from the fact that under cer* 
tain conditions the allowable orbits for the majority of electrons terminate 
on the segment of lower potential, irrespective of the segment toward which 
they start. These electrons, being driven against the RF component of 
the field, give energy gained from the DC field to the RF field. 

In Fig. 6 are shown the paths, plotted by Kilgore,’ of two electrons start- 
ing initially toward opposite segments but both striking the segment of 
lower potential. Each path is completely traversed in a time during which 

2 The magnetron oscillator discussed by Hull, in which the magnet winding is coupled 
to the plate circuit, is not considered as it is essentially an audio frequency device. K. 
Okabe in his book, “Magnetron-Oscillations of Ultra Short Wavelengths” (Shokendo, 
1957), Gistinguishes five types, but it is not clear just how his types C and E are to be 
‘ or These oscillations have been called Habann, quasi-stationary, or dynatron oscilla- 
tions, and correspond to Okabe’s type D. 

4 These oscillations have been called electronic oscillations by Megaw, transit time 
oscillations of the first order by Herriger and Hiilster, and correspond to Okabe’s type A. 

5 These oscillations are the running wave type discussed by Posthumus, the transit 
time oscillations of higher order of Herriger and Hiilster, and correspond to Okabe’s 
OPE This type was disclosed by Habann, Zeit f. Hochfrequenz. 24, 115 and 135 (1924). 

7G. R. Kilgore, Proc. IR.E. 24, 1140 (1936). 


MAGNETRON AS GENERATOR OF CENTIMETER WAVES 179 
the RF field changes little. Thus it is possible by applying DC potential 
differences between the anode segments to measure a negative resistance 
between them. As can be seen from the orbits of Fig. 6, magnetic fields 
considerably above the cut-off value are used. With magnetrons of this 
type, power output up to 100 watts at 600 mc/s at an efficiency of 25% has 
been attained.” Oscillations of frequency as high as 1000 mc/s, (30 cm.) 
have been produced.* Because a large number of orbital loops are required, 


however, making w < < this type of magnetron oscillator demands the 
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Fig. 6.—Electron paths plotted by Kilgore for the negative resistance magnetron 
oscillator, Type I. During the time the orbits shown are being executed, the cathode is at 
zero potential and the anode segments at the potentials indicated. Lines of electric force 
on an electron are plotted in this figure. The two orbits are those of electrons which start 
initially toward opposite anode segments. It should be noted that in either case the elec- 
tron is driven to the segment of lower potential against the RF field component. 


use of high magnetic field in the centimeter wave region and is thus less 
desirable than other types. 

2.3 The Cyclotron Frequency Magnetron Oscillator—Type II: Not long 
after the invention of the DC magnetron, oscillations between anode and 
cathode were found to occur near the cut-off value of magnetic field.® 
These were found to be strongest for wavelengths obeying a relation of 
the form: 


constant 
aay (9) 


‘SE. C. S. Megaw, Journ. I.E.E. (London) 72, 326 (1933). 
° A. Zacek, Cos. Pro. Pest. Math. a Fys. (Prague) 53, 578 (1924). A summary appeared 
in Zeit. f. Hochfrequenz. 32, 172 (1928). 


180 BELL SYSTEM TECHNICAL JOURNAL 


Later, it was shown that the oscillation period is equal torthe electron transit 
time from the vicinity of the cathode to the vicinity of the anode and back. 
This made it possible to calculate a value for the constant in the above 
equation in good agreement with experiment.” The oscillation frequency is 
that of the rotational component of the electronic motion, that is, approxi- 
mately the cyclotron frequency of equation (7). 

The mechanism must be explained in terms of electrons moving in the DC 
radial electric and axial magnetic fields and the superposed RF radial elec- 
tric field. This may be done as follows: An electron leaving the cathode 
in such phase as to gain energy when moving from the cathode toward the 
anode will also gain energy during its return, striking the cathode with more 
energy than it had when it left. There, such an electron is stopped from 
further motion during which it would continue to absorb energy from the 
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Fig. 7.—An approximate orbit of an electron which gains energy from the RF field in 
a cyclotron frequency or Type II magnetron oscillator, shown for the plane case. The 
orbit is continued as a dashed line indicating how it would be traversed were it not stopped 
by the cathode. The DC electric force on the electron is directed from cathode to anode. 


RF field at the expense of the oscillation. The electron will execute an 
orbit something like that of Fig. 7 for the plane case. An electron leaving 
the cathode in the opposite phase, on the other hand, loses energy when 
moving toward the anode and again on its return toward the cathode. As 
is shown in Fig. 8, it reverses its direction after the first trip without reaching 
the cathode surface and starts over on a second loop of smaller amplitude, 
remaining in the same phase and continuing to lose energy to the field. This 
process continues until all the energy of the rotational component of the 
electron’s motion has been absorbed by the RF field. If the electron is not 
removed at this stage, in its subsequent motion the rotational component 
will build up, extracting energy from the RF oscillation. Means such as 
tilting the magnetic field or placing electrodes at the ends of the tube have 
been used to remove the electrons from the interaction space when all the 


10 K, Okabe, Proc. LR.E. 17, 652 (1979). 
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rotational energy has been absorbed. It is possible to maintain the oscilla- 
tions and extract energy from them because electrons which give energy to 
the field can do so over many cycles, whereas electrons of opposite phase can 
gain energy over only one cycle before they are removed. 

Magnetrons oscillating in this manner have been built with split 
anodes.'" Here the RF field with which the electron interacts is more 
tangential than radial but the criterion for oscillation is the same, namely, 
resonance between the field variations and the rotational component of the 
electron’s motion. Operating efficiencies of 10 to 15% have been obtained. 
It was with a magnetron of this type having an anode diameter of 0.38 mm. 
that radiation of wavelength as low as 0.64 cm, was generated.” 

The cyclotron frequency magnetron oscillator has been almost entirely 
superseded by the traveling wave magnetron oscillator as a generator of 
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Fig. 8.—An approximate orbit of an electron which loses energy to the RF field in a 
cyclotron frequency or Type II magnetron oscillator, shown for the plane case. If the 
electron after losing all its rotational energy remains in the interaction space, it gains 
energy from the RF field, and its orbit builds up cycloidal scallops in a manner directly 
the reverse of that shown here. The DC electric force on the electron is directed from 
cathode to anode. 


centimeter waves. In the main this is the result of the impossibility of 
removing electrons emitted from an extended cathode area from the inter- 
action region at the proper stage in their orbits. This inherent drawback is 
not shared by the traveling wave magnetron oscillator which may be oper- 
ated at higher efficiency without critical adjustment of orientation in the 
magnetic field or of the potential of auxiliary electrodes. 

2.4 The Traveling Wave Magnetron Oscillator—Type III: Oscillations 
have been found to occur in the magnetron which are independent of any 
static negative resistance characteristic and which can occur at frequen- 
cies widely different from the cyclotron frequency. In 1935! the elec- 
tronic mechanism of these oscillations was correctly interpreted as an inter- 

1H. Yagi, Proc. I.R.E. 16, 715 (1928). 


® C. E. Cleeton and N. H. Williams, Phys. Rev. 50, 1091 (1936). 
13K. Posthumus, Wireless Engineer 12, 126 (1935). 
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action of the electrons with the tangential component of a traveling wave 
whose velocity is approximately equal to the mean translational velocity 
of the electrons. Later the role of the radial component of the rotating 
electric field in keeping the electrons in proper phase was recognized. 
Magnetrons of wavelength as short as 75 cm., operating at better than 50% 
efficiency, were built prior to 1940, but performance such as was later to be 
attained with this type of magnetron at much shorter wavelengths was not 
attained then, perhaps primarily because of the lack of a good resonator. 
It was a magnetron of this type which the British brought to the United 
States in 1940. The British magnetron was a 10 cm. oscillator, intended 
for pulsed operation, having a tank circuit consisting of eight resonators 
built into the anode block as shown in Fig. 1."° : 


3. THe Evecrronic MECHANISM 


3.1 Electronic Interaction at Anode Gaps: The electrons in the interaction 
space of the magnetron oscillator are the agents which transfer energy from 
the DC field to the RF field. As such, they must move subject to the con- 
straints imposed by the DC radial electric and DC axial magnetic fields, 
considering, for the moment, the RF fields to be small. Under these condi- 
tions, as has been seen for the DC cylindrical magnetron (see Fig. 4 for 
B > B,), electrons follow approximately epicycloidal paths which progress 
around the cathode. The mean velocity of this progression, that of the 
center of the rolling circle, depends upon the relative strengths of the electric 
and magnetic fields [see equation (5) for the plane case]. By proper choice 
of DC voltage, V, between cathode and anode and of magnetic field, B, 
the mean angular velocity of the electrons may be set at any desired value. 

The RF electric fields in the interaction space, with which the electrons 
moving as described above must interact, are the electric fields fringing from 
the slots in the anode surface. These fields are provided by the, N coupled 
oscillating cavities of which the magnetron resonator system is composed. 
As will be discussed in more detail later, such a system of resonators may 
oscillate in a number of different modes in each of which the oscillations in 
adjacent resonators, and thus the fields appearing across adjacent anode 
slots, bear a definite phase relationship. For a system of N resonators it 
will be seen that the phase difference between adjacent resonators may 
assume the values 2 in radians, » being the integers 0, 1, 2, ---, a 

Adopting another point of view, one may consider the potentials placed 
upon the anode segments by the resonators. The variation of the potential 


4 F, Herriger and F. Hiilster, Zeit. f. Hochfrequenz, 49, 123 (1937). 

6 The use of such internal resonators is reported in the literature by N. T. Alekseieff 
and D. E. Maliaroff, Journ. of Tech. Phys. (U.S.S.R.) 10, 1297 (1940); republished in 
English, Proc. I.R.E. 32, 136 (1944). A. L. Samuel has obtained U. S. Patent # 2,063,342 
Dec. 8, 1936, for a similar device. 
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from one segment to the next depends upon the mode of oscillation of the 
system as a whole. The restriction on the phase difference stated above 
requires the sequence of anode segment potentials at any instant to contain 
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Vig. 9.—A plot showing the x mode anode potential wave at several instants in an eight 
resonator magnetron and the mean paths of electrons which interact favorably with the 
RF field. The plot is developed from the cylindrical case, the shaded rectangles at the top 
representing the anode segments. The anode potential variation is a standing wave, 
shown here for a sequence of instants one quarter period (7/4) apart. Note that the po- 
tential is constant across the anode surfaces and varies linearly between them. Electrons 
interacting favorably with the RF field cross the anode gaps when the field there is maxi- 
mum retarding as indicated by the filled circles. The lines for | #| = 4, 12, 20, 28, « + - rep- 
resent mean paths of electrons traveling with mean angular velocities ae af tf 
Qnf 


87° °° around in the interaction space. Since the field is a standing wave, it is clear that 

electrons possessing these velocities in either direction may interact favorably with the RF 

field. 

n complete cycles in one traversal of the cylindrical anode, 1 still denoting 
: N 4 

the integers 0, 1, 2,---, 3° In general, these anode potential waves may 


be standing waves or waves traveling around the anode structure in either 


f . . se iD 2 2 
direction with angular velocity a radians per second, where f is the RF 
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frequency. For the two modes in which adjacent resonators are in phase 
(n = 0) and x radians out of phase n=%, the so-called + mode), however, 


only standing potential waves on the anode are possible. As examples of 
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Fig. 10.—-A plot similar to that of Fig. 9 for the standing wave component of, anode 
potential of periodicity n = 2 in a magnetron having eight resonators. Electrons which 


interact favorably have mean angular velocities ref, af + af + « + in either direction 


in the interaction space. 


standing and traveling anode potential waves in an anode structure having 
eight resonators (V = 8), the standing wave for x = 4 and standing and 
traveling waves for 2 = 2 are shown in Figs. 9, 10, and 11 respectively. 
From what has been said about the RF field and the electronic motion in 
the interaction space of the magnetron oscillator of Type III, it is possible 
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to understand its fundamental electronic mechanism. As in any oscillator, 
the criterion for oscillation is that more energy shall be transferred to the 
RF field by electrons driven against it than is taken from the RF field by 
electrons accelerated by it. This can be accomplished in the traveling wave 
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Fig. 11,—A plot similar to those of Figs. 9 and 10 for the rotating wave of anode potential 
of periodicity x = 2 in a magnetron having eight resonators [see equation (13) in the text]. 
The field at the instant ¢ + 47 is plotted as a dashed line to show that the traveling wave 
does not preserve its shape at all instants. Whereas the wave travels in one direction with 


the angular velocity oe electrons which travel with velocities 2h ta at +++ in the 
same direction or with velocities af ae, + ++ in the opposite direction interact favorably 


with the RF field. Directions of electron motion must now be distinguished. Electrons 
whose velocity is opposed to that of the rotating field are said to be driving a “reverse” mode. 


magnetron oscillator only if the mean angular velocity of the electrons is 
such as to make them pass successive gaps in the anode at very nearly the 
same phase in the cycle of the RF field across the gaps. Then it is possible 
for an electron which leaves the cathode in such phase as to oppose the 
tangential component of the RF field across one anode gap, to continue to 
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lose energy gained from the DC field to the RF field at successive gaps. 
Electrons which gain energy from the RF field are driven back into the 
cathode after only one orbital loop and are removed from further motion 
detrimental to the oscillation. This process of selection and rejection of 
electrons forms the groups of bunches, shown in Fig. 2(c), which sweep past 
the anode slots in phase to be retarded by the RF field component. The 
criterion that the electron drift velocity shall be such as to keep these 
bunches in proper phase is analogous to the condition that the drift angle 
in a velocity variation oscillator [Fig. 2(b)] be such as to cause the bunches 
to cross the gap of the second or “‘catcher” cavity in phase to lose energy 
to the RF field across the gap. 

The condition placed upon the mean angular velocity of the electrons may 
be discussed more readily by reference to Figs. 9, 10, and 11. Consider 
first, however, only Fig. 9 for the standing potential wave of then = 4 mode, 
and focus attention on an electron which crosses the gap between anode 
segments 1 and 2 at the instant ¢ when the RF field is maximum retarding, 
that is, the potential on segment 1 is maximum and on segment 2 minimum. 
It is clear that this electron can cross the next gap in the same phase if the 
time required to reach it is (|p| + 4) 7, in which p is any integer and T is 
the period of RF oscillation. In Fig. 9, four lines are drawn representing 
the mean paths of electrons moving with such velocities as to make p = 
0, 1, 2, and 3. Each line crosses a gap when the RF field is maximum 
retarding, that is, when the potential has the maximum negative slope at 
the center of the gap. As will be seen later, a more convenient parameter, 
to be called &, is that whose absolute magnitude, |&|, specifies the number 
of RF cycles required for the electron to move once around the interaction 


Rl. : ; 
space. a is then the number of cycles between crossings of successive 


anode gaps, which for the + mode of Fig. 9 must take on the values: 


|| = 0, +1, +2, 
V =lel+5 p= 0, 41, +2,---, 
or the values given by the more general expression, applicable to any mode: 
[el 
v= Pl + x p= 0, £1, £2,:°:. 


In this expression, — is the phase difference between adjacent resonators, 


‘ N 
expressed as a fraction of a cycle, & may thus assume the values given by 
k=n+ PN, 
(10) 
p = 0, +1, +2,---. 
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The mean angular velocity which the electrons must possess is then given by 


’ 


a aT Rk? (11) 


in which @ is the azimuthal angle. 


For the w mode (” = Sj it is seen that the negative integers, p, give the 


same series of values for | &| as do the positive integers including zero. 
The sequence is |&| = 4, 12, 20, 28, ---. Reference to Fig. 9 indicates 
that electrons may travel in either direction around the interaction space 
and interact favorably with the RF field, provided their mean angular 
velocity is given by equation (11) with values of k specified by equation 
(10). That this should be so is clear from the fact that the anode potential 
wave is a standing wave with respect to which direction has no meaning. 
Fig. 9 also makes clear how an electron moving with velocity different from 
that corresponding to the lines shown, will fall out of step with the field, 
and on the average be accelerated as much as it is retarded, thus effecting 
no net energy transfer. 

In Figs. 10 and 11, diagrams for the » = 2 mode similar to that of Fig. 9 
for the x mode are shown. Fig. 10 is for electronic interaction with a stand- 
ing wave of periodicity n = 2 and Fig. 11 for a traveling wave of the same 
periodicity. Again, as in the case of the r mode, the values of k for favorable 
electronic interaction are given by equation (10). 

The sequence of positive integral values of p (including zero) and the 
sequence of negative integral values of do not each give the same sequence 
of values for | &| as was the case for the s mode. For p 2 0, |k| = 2, 
10, 18, ---, and for p < 0, |k| = 6,14, 22,---+. For the standing po- 
tential wave (Fig. 10) each of these values of | & | does specify the velocity 
of possible electron motion in either direction for favorable interaction with 
the field. For the traveling potential wave (Fig. 11), on the other hand, 
only the positive values of k (p = 0) correspond to electron motion in the 
same direction as the traveling wave, the negative values of k (p < 0) cor- 
responding to electron motion in the direction opposite to the traveling 
wave. The sign of & has significance. If the electrons are moving with 
velocities specified by equation (11) with the negative values of k from equa- 
tion (10), and are thus moving counter to the traveling RF field wave, the 
electrons are said to be driving a ‘‘reverse” mode. 

The actual electron orbits do not correspond to simple translation but, 
as has been discussed, to rotation superposed on translation. The epi- 
cycloid-like scallops in the orbit are of no significance to the fundamental 
electronic mechanism. It i the mean velocity of the electron motion 
around the interaction spacé, specified by the relative values of V and B, 
that is of importance. The magnetron may operate, for example, at such 
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high magnetic field, provided V has the proper value, that the scallops be- 
came relatively small variations in an otherwise smooth orbit (see Fig. 18). 

In the cylindrical magnetron, the radial variation of the DC electric field, 
resulting in a decrease in the mean angular velocity of the electrons as they 
approach the anode, would make it impossible for an electron to keep step 
with the fields across the anode gaps were not a mechanism of phase focusing 
operative. That such focusing is inherent in the interaction of electrons and 
fields will be seen later. 

3.2 The Interaction Field: The electronic mechanism which has been 
discussed in terms of electron motions through the fields at the gaps in the 
multisegment anode, may also be discussed in terms of the traveling waves 
of which the RF interaction field may be considered to be composed. The 
RF interaction field corresponds to anode potential waves like those plotted “ 
in Figs. 9, 10, and 11. The interaction fields for the several modes of oscil- 
lation of the resonator system are thus to be distinguished by the number, 
n, of repeats of the field pattern around the interaction space. Since the 
potential at the anode radius is nearly constant across the faces of the anode 
segments and varies primarily across the slots, the azimuthal variation of 
the field cannot be purely sinusoidal but must involve higher order 
harmonics. 

For a mode of angular frequency w = 2zf, corresponding to a phase differ- 


; 2r ‘ ‘ 
ence between adjacent resonators of n NV? the anode potential wave is of 
periodicity x around the anode and may be written as a Fourier series of 
component waves traveling in opposite directions around the interaction 
space: 

j(wt—k0+7) j(wt +k0+8) 
Var = Arle? 4) Bee’ 

E E : 


k=n-+ Pn, p=0,+1,+2,-:-. 
Note that the summations are taken over all integral values of & given by 
equation (10). 
The interaction field for any mode of periodicity is thus represented by 
two oppositely traveling waves, whose fundamentals are moving with 


2nf 


ioe , ¢ 
angular velocities aoa and whose component amplitudes, A; and B,, 


(12) 


in general are not equal. and 6 are arbitrary phase constants. The ex- 
pression (12) may be reduced to the form: 


Var = x (A, — By) cos (wt — kO + 7) 


+ x 2B cos( wf pe + *) cos (a = aS) (13) 


k=n+ PN, p=0,+1,42,-, 
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which shows that the complete field pattern may be considered to consist of 
a rotating wave superposed on a standing wave, each having a fundamental 
component of periodicity n. 

The fact that the periodicities, k, of the harmonics in the expressions 
(12) or (13) are those for which & has the values given by (10) may be de- 
termined from a Fourier analysis of the complete anode potential waves like 
those of Figs. 9, 10, and 11. Only those harmonics which specify the same 
pattern of potentials at the centers of the anode segments as the fundamental 
are admitted in the analysis. 

As has been mentioned before, the complete field patterns for n = 0 


and 2 = * are standing waves. “Thus for these modes of oscillation Ai, = B;, 


in the expressions (12) and (13). For the other modes, = 1, 2, 3, «++, 
+ —1, the electrons may interact with the traveling field component of 
expression (13) or with the standing field components which, in case A, = 
By, is the only component present (see Figs. 10 and 11 for the case n = 2, 
N = 8). 
The terms in expressions (12) and (13) for which | k | = m are the funda- 
mental components; those for which | k | # x are called the Hartree har- 
monics. The components of field strength corresponding to these harmonics 
in the interaction field pattern fall off in intensity from anode to cathode 
more rapidly the higher the value of k. The variation with radius is of the 
r\k 

form (; . Thus the farther from the anode one samples the field, the 
‘a 

more like the fundamental sinusoidal pattern it appears. 

For each value of & in expression (12), whether or not Ax = By, there 
are two oppositely traveling sinusoidal wave components of periodicity k. 
Since each requires k cycles of the RF oscillation to complete one trip around 
2nfra 

k 


Thus, as seen in Fig. 11 for the 





the interaction space, the linear velocity at the anode surface is cor- 


responding to an angular velocity of a, 
instant ¢ + 7/8, the change of shape of the total traveling wave indicates 
that the components of which it is composed travel with different velocities. 
In Fig. 23 are shown instantaneous RF interaction field patterns for the 
fundamental components (p = 0) of the 2 = 1, 2, 3, and 4 modes of an anode 
block having eight resonators. 

3.3 The Traveling Wave Picture: It is instructive to discuss the operation 
of the Type III magnetron oscillator in terms of electron interaction with 
the traveling wave components present in the interaction field. ‘This might 
at first appear to be difficult in view of the many components of several 
possible modes. By mode frequency separation, as discussed later, it is 
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generally possible, however, to restrict oscillation to only one mode, usually 
the mode. Further, the fact that the electronic motion in crossed DC 
electric and magnetic fields results in a mean drift of electrons around the 
interaction space, enables one to restrict his attention to a single traveling 
wave corresponding to the fundamental or a single Hartree harmonic of the 
field of this mode; for it is possible, in principle at least, by proper adjust- 
ment of V and B to equate the mean angular velocity of the electrons to 
the angular velocity, if of any one of the traveling field components. 
When this is true, only the field of this component has an appreciable effect 
upon the electron’s motion. With respect to the fields of the oppositely 
traveling component of the same harmonic (same k), and the components 
of all other harmonics (different 2), the electron finds itself drifting rapidly 
through regions of accelerating and decelerating field with no net energy 
transfer. From the point of view of the electron, the fields of the other 
components vary so rapidly as to average out over any appreciable interval 
of time. The only exception to these statements occurs when a harmonic 
of periodicity k' of another mode of frequency /’ has the same angular veloc- 
2nf' _ 2nf 

iF = Tel The effect 
on magnctron operation of this coincidence of angular velocities will be 
discussed further in a later section. In the calculation of electron motions, 
the restriction to the field of a single traveling wave component has been 
called the rotating field approximation. 

The consideration of the electronic mechanism has thus been reduced to 
that of the motion of electrons under the combined influence of the radial DC 
electric field, the axial DC magnetic field, and a sinusoidal field wave travel- 
ing around the interaction space. From what has been said thus far it is 
clear that for energy to be transferred to the RF field it is necessary that the 
mean electron velocity very nearly equal that of the traveling wave. Then 
an electron leaving the cathode in such phase as to find itself moving ina 
region of decelerating tangential component of. the RF field, may continue 
to move with this region and lose energy to the field. In contrast to the 
Type II magnetron oscillator, the energy transferred to the RF field in this 
case is the potential energy of the electron in the radial DC electric field. 
The energy in the rotational component of the motion remains practically 
unaffected and the electron orbit from cathode to anode looks something 
like that plotted in Fig. 12 for the case with plane electrodes. On the other 
hand, an electron which leaves the cathode in such phase as to gain energy 
ina region of accelerating tangential RF field, is removed at the cathode after 
only one cycle of the epicycloid-like motion. If this did not occur, the elec- 
tron would continue to move with the field and absorb energy. An approxi- 


ity as the harmonic of periodicity 2, that is, when 
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mate orbit is shown in Fig. 13. It is instructive to compare the orbits of the 
two categories of electrons in the traveling wave magnetron oscillator with 
the orbits of corresponding electrons in the cyclotron frequency type of 
magnetron oscillator (Figs. 7 and 8). In each case, it is the fact that “favor- 
able” electrons may interact for a considerably longer time than “unfa- 
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Fig. 12.—An approximate orbit of an electron which is losing energy to the RF field in 
a traveling wave or Type III magnetron oscillator, shown for the plane case. Here the 
energy loss is potential energy of the electron in the DC field. Compare this with the 
orbit in Fig. 8 where the energy loss is rotational energy of the electron. The DC electric 
force on the electron is directed from cathode to anode. 
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Fig. 13.—An approximate orbit of an electron which gains energy from the RF field in 
a traveling wave or Type III magnetron oscillator, shown for the plane case. The orbit 
is extended as a dashed line as though the cathode were not there. The energy gained is 
potential energy of the electron in the DC field. Compare this with the orbit in Fig. 7 
where the energy increase is in the rotaticnal energy of the electron. The DC electric 
force on the electron is directed from cathode to anode. 


vorable” electrons which makes possible a net energy transfer between the 
DC and RF fields. 

One may now compare the traveling wave picture of the electronic mecha- 
nism with that presented earlier in which the motion of electrons past the 
gaps in the anode structure is considered. An electron moving so that 

k n aa f is 
i =|p|+ v cycles of the RF oscillation elapses between its crossing of 
I 
two successive anode gaps, is thus moving around the interaction space in 
synchronism with a traveling component of the ki harmonic of the inter- 
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action field. Both points of view are of value. That involving the motion 
of electrons past the anode gaps is more fundamental physically. That in 
terms of a traveling wave component, on the other hand, is more convenient 
in calculations of electron orbits including space charge effects, where by 
transformation to a coordinate system rotating with the field it is possible 
to treat of motions in static fields. s 

3.4 Phase Focusing: It has been seen from two points of view how groups 
of electrons which move around the interaction space of the magnetron 
oscillator are formed by a process of selection and rejection of electrons by 
the tangential component of the RF field. However, space charge de- 
bunching and the discrepancy at all but one radius between the mean veloc- 
ity of translation of the electrons and the velocity of the interaction field 
would tend to disperse these groups and prevent efficient interaction, were 
it not for the phase focusing provided by the radial component of the RF 
field. 

The mechanism of the phase focusing may be discussed either in terms 
of the interaction of electrons with the actual fields existing at the anode gaps 
or in terms of the traveling wave picture of the electronic mechanism. The 
fundamental mechanism involved depends upon the effect of the radial 
component of the RF field in aiding or opposing the radial DC field in de- 
termining the mean drift velocity of the electron around the interaction 
space. If the radial RF field increases the net radial field in which the 
electron finds itself at any instant, the mean velocity of the electron in- 
creases as can be seen from equation (5) for the plane case. Similarly, a 
decrease in the net radial electric field, caused by the RF radial component, 
results in decreased electron translation velocity. These changes in the 
electron’s velocity operate so as to keep the electron near the position in 
which it can interact most favorably with the tangential component of the 
RF field. 

Consider an electron which crosses an anode gap at the instant the RF 
field there is maximum retarding, that is, an electron which is to be found 
on the plane marked M in Fig. 14 at this instant. It experiences about as 
great an increase of velocity by virtue of the radial component aiding the 
DC radial field before crossing the gap as decrease by virtue of the radial 
component opposing the DC radial field after crossing the gap. Another 
electron which is lagging behind the electron just considered is to be found 
opposite a positively charged anode segment, as at P in Fig. 14, when the 
RF field passes through its maximum value. Since the RF field component 
decreases with time after this instant, the effect of the radial component of 
the field on the electron’s velocity after crossing the gap will be less than its 
effect before crossing the gap, the net effect being one of increasing the mean 
velocity of translation, bringing the electron more nearly into the proper 
phase. An electron which leads the electron first considered, on the other 
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hand, will be found opposite the negatively charged anode segment beyond 
the gap when the RF field is maximum, and for it the net effect of the radial 
component is to reduce the mean velocity of the electron, bringing it also 
more nearly into the proper phase. 

In discussing the mechanism of phase focusing from the traveling wave 
point of view, the field lines of Fig. 14 may be considered to be those of the 
traveling wave component with which the electrons are interacting. Then 
the whole field pattern indicated moves to the right as shown by the arrow 
above the plane of maximum retarding tangential field at M. An electron 
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Fig. 14.—A plot of lines of electric force on an electron (drawn for the plane case) for the 
fundamental of the x mode. It is shown for the purpose of explaining the phase focusing 
property of the radial field component. The plane of maximum opposing force on the 
electron intersects that of the figure along the line 1. The arrow shown above the line M 
indicates the direction of electron motion. The force on the electron due to the DC 
electric field is directed from cathode to anode. The force lines shown may be considered 
to be those of the total fundamental field component at the instant the field is maximum. 
Then an electron at the point P will cross the center of the anode gap after the instant of 
maximum retarding force. | Or the lines shown may be considered to be those of the travel- 
ing component of the fundamental moving in the same direction as the electrons. In this 
ae an electron at the point P is lagging behind the maximum of the retarding tangential 

eld. 


which falls behind the position M to the point P, for example, finds itself in 
a stronger net radial electric field which increases its mean translational 
velocity tending to bring it back to the position M. The reverse holds for 
an electron which runs ahead of the plane M. 

3.5 Space Charge Configuration: The over-all picture of the electronic 
mechanism in the Type III magngtron oscillator thus presents a spoke- 
shaped space charge cloud of electrons wheeling around the cathode in 
synchronism with the anode potential wave, each spoke in a region of maxi- 
mum retarding field. This picture of what is happening has been very 
handsomely confirmed by actual orbital calculations taking account of 
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space charge. The calculations have been carried out by the so-called self 
consistent field method using the rotat'ng field approximation mentioned 
earlier. In this method, orbits of electrons are calculated in an assumed 
field, and the space charge due to these electrons determined. The field 
calculated on the basis of this space charge distribution may then be com- 
pared with that assumed. This cycle of calculations is repeated, each 
time using the calculated field of the previous cycle as that in which the 
electrons move, until a field is obtained which is consistent with that used in 
calculating the electron orbits. This method will be recognized as that used 
in the calculation of electron orbits about the nucleus in atoms. 

The result of one such calculation is shown in Fig. 15. The orbits of 
four electrons which were emitted from the cathode in different phases are 
plotted in a set of coordinates rotating with the RF field component. One 
electron is returned to the cathode, and the other three reach the anode. 
The boundaries of the space charge cloud are shown as dashed lines. The 
spoke-shaped structure is clear, and its position with respect to the rotating 
anode potential wave is as expected. The number of spokes of the cloud is 
equal to the periodicity of the component of the mode with which the elec- 
trons are interacting. In the case of Fig. 15 there are four spokes, since 
the magnetron is operating in the fundamental of the n = 4 mode (k = 
4, p = 0). 

3.6 Induction by the Space Charge Cloud: Another view of the mechanism 
by which the electrons drive the resonator system may be obtained by 
considering the effect of the space charge spokes in inducing current flow 
in the anode segments. themselves. For example, the oscillation of the 
resonator block in its- mode corresponds to the periodic interchange of 
electric charge from each anode segment, around a resonating cavity to the 
next anode segment. This oscillation is maintained, much in the manner of 
a pendulum escapement drive, by the space charge spoke appearing in front 
of an anode segment at that instant in the oscillation cycle when it can aid 
in building up the net positive charge on the segment. At the same instant, 
the adjacent segments, being opposite a “gap” in the space charge wheel, 
may build up a negative charge. 

The RF current, Ip, induced in the anode structure, thus results from 
the motion of the spoke-shaped space charge cloud in the interaction space. 
It is not to be confused with the total circulating RF current in the resonator 
system. Whereas Jer must be in a phase with the space charge cloud it 
need not be in phase with the RF voltage, Ver, between the anode segments. 
In terms of the electron motions, this means that the spokes of the space 
charge cloud may lead or lag the maxima in the tangential field. In general, 
the electronic admittance defined by the ratio of Izy to Ver may thus in- 
clude a susceptance as well as a conductance. The product of Ver and 
the in-phase component of Ize, integrated over a period of one cycle of RF 
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oscillation, equals the energy per cycle which is delivered to the load. This 
amount of energy is twice that transferred in the half cycle during which the 
spokes of space charge move against the field from positions in front of one 
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Fig. 15.—The orbits of four electrons which left the cathode in different phases, plotted 
in a coordinate system rotating with the anode potential wave. These orbits have been 
calculated by the self consistent field method which includes space charge effects. In this 
frame of reference the orbits exhibit loops whereas in a stationary frame they would more 
nearly exhibit cusps. ‘The dashed lines inclose the orbits of the electrons and hence de- 
lineate the boundaries of the space charge cloud which rotates around the cathode in syn- 
chronism with the anode potential wave. Planes of maximum retarding tangential field 
are represented by the lines M (see Fig. 14). This figure is reproduced by courtesy of the 
British Committee on Valve Development (CVD) and is taken from the CVD Magnetron 
Report No. 41. 


set of alternate anode segments to similar positions in front of the adjacent 
anode segments. 

In each spoke of the electron space charge cloud, individual electrons 
progress from cathode to anode. The DC current, J, passed by the magne- 
tron is made up of electrons which strike the anode from the ends of the 
space charge spokes. Quite apart from its dependence on other parameters, 
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this DC current is directly proportional to anode length, . If the magne- 
tron is driven at greater DC current, the space charge in the interaction 
space increases but the phase of its structure with respect to the traveling 
anode wave does not change to a first approximation. Thus both the 
in-phase and quadrature components of Ize increase with no change in 
electronic admittance. The second order effects which do arise from small 
shifts in the phase of the rotating space charge structure are discussed in 
Section 10.4 Electronic Effects on Frequency. 


4. Conpitions RELATING MEASTRAPLE PARAMETERS 


4.1 Necessary Conditions for Oscillation: After having discussed the elec- 
tron motions in the interaction space of the Type III magnetron oscillator, 
the viewpoint will now be changed to that looking from the outside in, so to 
speak, and it will be asked what conditions relating measurable parameters 
are imposed by the nature of the electronic mechanism. Beyond the geo- 
metrical parameters of cathode and anode radii, r, and ra, one can determine 
the DC voltage, V, applied between cathode and anode; the magnetic field 
B, in which the magnetron is placed; the DC current, J, drawn by the anode; 
the frequency of oscillation, f; and, from impedance measurements, the RF 
load, Y, = G, + jB., presented to the electrons by the resonator, output, 
and load. 

Perhaps the most fundamental condition for oscillation of the traveling 
wave magnetron is that imposed by the requirement of synchronism between 
the electron drift and the RF field. As has been indicated, the angular 
velocity of a rotating component of a Hartree harmonic of the interacticn 
field, of order , is | ie An approximate expression for the mean angular 
velocity of the electrons may be determined by neglecting the variation of 
electric field with radius and calculating the angular velocity midway be- 
tween cathode and anode, thus: 


v E/B Vita = 7e)B_ 2V 
(rat r)/2~ (rat r)/2~ (tat re)/2 ~ ( — 7B 





Equating this to the angular velocity i one obtains the relation: 


v= feel —-(2)]. om) 


hh ia ak ee 5 2 
In this derivation it should be recognized that the angular velocity 7. 


may be considered either to be that of a traveling component of the RF 
field with which the electron interacts or the mean angular velocity which the 
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electron must have to maintain proper phase with the total RF fields existing 
across the anode gaps. 

Posthumus'* derived an expression, assuming negligible cathode diameter, 
which is similar to equation (14). By the same method as that used above, 
Slater has derived an expression differing from (14) by a term which results 
from the use of a more accurate value for the electron’s translational velocity 
at the midpoint between cathode and anode in cylindrical geometry. 
Slater’s expression is: 


r= eel -()] GY E-@} 


Hartree has derived an expression from a consideration of the conditions 
under which electrons are just able to reach the anode with infinitesimal 
amplitude of RF voltage in the k harmonic. It is: 
= te[sG) |- 25 (i) 

v= elt ( [a] oe 
In a sense this condition represents a cut-off relation for the oscillating 
magnetron analogous to Hull’s cut-off relation for the DC magnetron [equa- 
tion (8)]. 

Plotted on a V-B graph, the expressions (14), (15), and (16) represent 
parallel straight lines. The line of equation (14) passes through the origin; 
the so-called Hartree line of (16) is tangent to the DC cut-off parabola; the 
so-called Slater line of (15) lies above the Hartree line but below the line of 
expression (14). Each of the above expressions indicates that the electrons 
will drive a given harmonic of the RF interaction field in a type III magne- 
tron oscillator only at values of DC voltage and magnetic field which bear 
a definite relation. This relation expresses the fact that V/B is very nearly 
constant [equation (14)]. 

In Fig. 16 are plotted as an illustration, the Hartree lines for the funda- 
mentals (p = 0) of the m = 1, 2,3, and 4 modes and for the k = —5 harmonic 
(p = —1) of the m = 3 mode of a 10 cm. magnetron with eight resonators.!* 





16 This magnetron, used as an illustrative example in Part I, has the following char- 

acteristics: 

Number of resonators, N = 8. 

Cathode radius, rp = 0.3 cm. 

Anode radius, r, = 0.8 cm. 

Anode length, h = 2.0cm. 

Anode to end cover distance = 0.6 cm. 

Frequency (x mode), f = 2800 mc/s. 

Wavelength (# mode), \ = 10.7 cm. 

DC operating voltage, V = 16 kv. 

Operating magnetic field, B = 1600 gauss. 

Typical operating peak current, I = 20 amps. 

Over-all efficiency, 7 = 42%. 

Peak power output, P, = 135 kw. 

Pulse duration, r = 1 microsecond. 

Pulse repetition frequency = 1000 pps. 


198 BELL SYSTEM TECHNICAL JOURNAL 


Since the operating voltage is found to increase with increasing current, 
oscillation at a constant anode current takes place along a line, such as the 
Slater line for example, lying slightly above and parallel to the Hartree 
line (see Fig. 16). The separation of the operating line from the Hartree 
line increases with increasing DC current. 
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Fig. 16.—A V-B plot for a magnetron having eight resonators (see footnote 16) showing 
the cut-off parabola and Hartree lines for several rotating field components. The ranges 
of DC voltage and magnetic field have been extended considerably beyond values ever 
applied to such a magnetron to show the lines for the fundamentals o all of the modes. 
The typical operating point plotted is that specified in footnote 16 and plotted in Fig. 17. 


The necessary conditions for oscillation discussed above have been of 
great value in the identification of the modes of operating magnetrons and 
as the starting point in the design of new magnetrons for given wavelength, 
magnetic field, and voltage. 

4.2 The Performance Chart: Another fundamental performance char- 
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acteristic of the operating magnetron is the V-J plot or performance chart. 
In Fig. 17 such a chart is plotted for the same magnetron" used as the ex- 
ample for Fig. 16. In it are plotted contours of constant magnetic field, 
RF power output, and over-all efficiency. The fact that the constant mag- 
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Fig. 17.—A V-I plot or performance chart for a magnetron having eight resonators 
(see footnote 16). Contours of constant magnetic field, power output, and over-all effi- 
ciency are shown. The typical operating point plotted is that specified in footnote 16 and 
plotted in Fig. 16. 


netic field contours are nearly horizontal and spaced as they are is a mani- 
festation of the oscillation conditions of equations (15) and_(16). The in- 
crease of voltage with current is an effect, attributable to the space charge, 
quite independent of the condition of synchronism between field and elec- 
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trons. For if the magnetron is to deliver more power at a given magnetic 
field, the induced RF current must increase. This entails increased space 
charge and a greater DC current flow. To maintain the increased space 
charge additional DC voltage is required. 

4.3. The Electronic Efficiency: The performance chart also shows the 
not too surprising fact that more power may be drawn from the magnetron 
as the voltage and current are increased. More interesting are the increase 
of the over-all efficiency with voltage and the maximum through which the 
efficiency passes with increasing current. This variation of over-all effi- 
ciency, 7, is to be attributed to changes in the electronic efficiency, 7¢, since 
the other factor involved in the over-all efficiency, the circuit efficiency, 1, 
is essentially constant over the diagram (n = neMc)- 


YY) WH 


Wel uw 
CATHODE CATHODE Yj 
ld (ddd 
p-= >> >=~unewene neus-————-e' €2m ? 
s0%—————- Whether Rey 7 78% 


Fig. 18.—Approximate orbits of electrons which transfer energy to the RF field, plotted 
for operation ora plane magnetron at two different magnetic fields. It is shown how the 
relative kinetic energy gained beyond the last cusp and dissipated at the anode de- 
creasesas the magnetic field and voltage of operation are increased, resulting in increased 
efficiency of electronic conversion of energy from the DC field to the RF field. The 
two illustrative cases differ by a factor two in DC voltage and hence by the same factor 
in magnetic field and diameter of the rolling circle. 

The increase of electronic efficiency with voltage, and hence magnetic 
field, may be explained by the picture of electron motions in the interaction 
space. The highest electronic efficiency is attained when the electrons 
reaching the anode do so with least kinetic energy. For the approximate 
orbit of Fig. 12, the energy lost at the anode per electron is that gained as 
kinetic energy beyond the last cusp. Bringing the last cusp closer to the 
anode, corresponding to a reduction of the amplitude of the rotational 
component of the electron motion, reduces the ratio of kinetic energy lost 
at the anode to the potential energy possessed by the electron at the cathode. 
Thus, according to equation (6) for the radius of the rolling circle, this 
fractional energy loss should vary as V/B? or, since V/B is approximately 
constant, as 1/B, increasing with B. In terms of the approximate elec- 
tron orbits for a plane magnetron, Fig. 18 shows how increase in voltage 
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and magnetic field increases the electronic efficiency. The dependence of 
electronic efficiency on B predicted by this simple picture is in accord with 
the dependence predicted by more sophisticated theories. 

In all probability the decrease of electronic efficiency toward low and high 
currents is, in part at least, the result of decrease in the phase focusing action. 
This occurs as a result, on the one hand, of low RF field strength in the 
proper mode when the current and RF oscillation are small, and, on the 
other hand, as a result of space charge debunching when the current and 
space charge become very large. In addition, at low currents the leakage to 
the anode of electrons which are not effective in interaction with the RF 
field, assumes a more dominant role, reducing the effective electronic effi- 
ciency. These electrons are no doubt those emitted near or at the ends of 
the cathode. 

Of importance to the motion of electrons near the ends of the interaction 
space, and thus to the electron leakage, are the configurations of the DC 
electric and magnetic fields there. These depend upon the geometry of the 
cathode ends and surrounding walls and of the magnetic pole pieces. The 
electrons are largely confined to the interaction space by the axial force, 
directed toward the center of the interaction space, produced by the non- 
uniformities in the electric and/or the magnetic fields. For uniform mag- 
netic field, the desired focusing action on the electrons may be achieved by 
disks at cathode potential which are mounted at each of the cathode and 
extend beyond the cathode surface over the ends of the interaction space as 
may be seen in Fig. 1. In other cases, distortion of the magnetic field in 
the end spaces of the magnetron, in addition to cathode end disks, has been 
used to produce the same effect. 

Although the dependence of operation of a magnetron oscillator on load is 
primarily a circuit problem, detailed discussion of which will be delayed until 
the RF circuit has been discussed, there is one feature of the dependence on 
load and circuit characteristics which may properly be discussed now. This 
is the dependence of the electronic efficiency, 2, on the circuit conductance, 
G,, presented to the electrons. The plot in Fig. 19 is a typical example and 
shows an optimum value of conductance, to each side of which 7, decreases. 
With decreasing G, the RF voltage increases. Whereas initially the increase 
of Ver with decreasing G, increases the phase focusing properties, it results 
eventually in such strong RF field that electrons are drawn more or less 
directly to the anode where they arrive with considerable kinetic energy. 
On the other hand, the decrease in Ver with increasing G, eventually will 
result in an RF field too weak to produce the necessary amount of phase 
focusing. The value of G, presented to the electrons depends not only 
upon the output circuit properties and load but also upon the parameters of 
the resonator itself. The dependence of electronic efficiency upon G, is a 
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good example of how intimately the electronics and circuit of the magnetron 
oscillator are associated. 

4.4 Scaling: Once an efficient design has been achieved for a given wave- 
length, voltage, current, and magnetic field, one is interested in reproducing 
it at other values of these parameters. In doing this, use is made of the 
theory of scaling. For cases where the interaction space remains geo- 
metrically similar and the magnetron operates in the same mode, the same 
efficiency is presumably achieved when it is arranged that the electron 
orbits remain similar. Directly from dimensional arguments applied to 
Maxwell’s equations for the electromagnetic field and to the equations of 
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Fig. 19.—A plot of electronic efficiency as a function of load conductance. The con- 
ductance G/Y, in the output line is related to that presented by the circuit to the electrons, 
G,, directly through the magnetron resonator and output circuits. The magnetron with 
which these data were obtained is a 3.2 cm. magnetron having sixteen resonators. 


motion of the electrons, it can be shown that the orbits and operation will 
be equivalent for all conditions for which the loading and the quantities 


AB, (A/ra)2V, and (A3/r2h)I 


remain invariant. 

It would perhaps be of interest to consider, as a simple example, the case 
for which all the linear dimensions of a given magnetron are changed by a 
factor a. The new resonant wavelength, )’, is equal to ad since the new 
resonator is a times the size of the original, while the new frequency is f’ = 
f/c. The new anode radius, cathode radius, and anode length scale directly 
so that 


1g = fa, 7’, = ar, and h' = ah 
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Since AB, (A/ra)?V, and (A°/rq?h)J must remain invariant, 
VB’ = dB or B’ = B/a, 
(V/r'a)? V' = (A/ra)? V or *V’ = 
and (N'8/r' 2h’) I! = (A3/rq2 kh) I or I’ = I. 


Thus the magnetic field changes by 1/a and the operating voltage and 
current remain unchanged, 

The idea of scaling has been extended to magnetrons of varying r./ra 
and N by the introduction, of sets of reduced variables for V, B and J in- 
volving r./ra and N, in terms of which the performance may be expressed 
independently of the exact nature of the magnetron. 

4.5 Effect of Other Components in the Interaction Field: In the discussion 
of the traveling wave magnetron oscillator, it has been considered that the 
electrons interact with a single traveling RF field component, generally a 
component of the fundamental of the mode. The justification for this, 
as has been stated, is that from the point of view of the electron the fields 
of all other Hartree harmonics of the 7 mode vary so rapidly that their 
effects average out over an appreciable number of RF cycles. This is gen- 
erally true, as well, for the harmonics of other modes which may be excited. 
The fact has been mentioned that it is possible for the values of V and B 
for oscillation in the 7 mode very nearly to satisfy equation (16) for oscilla- 


, 


tions in a harmonic of another mode. Then the angular velocity, ey of 





the harmonic very nearly equals that of the x mode, wand the Hartree 


line of the harmonic lies very close to that of the r mode (see Fig. 16). The 
effect of this situation on magnetron operation will be discussed in connection 
with the problem of “‘moding” in Section 10.6 Oscillation Buildup—Starting. 

Of particular interest is the presence in the interaction space, in addition 
to the r mode field, of an RF field component which is independent of angle. 
Such a component appears, for example, as an inherent contamination in 
the interaction field of the so-called ‘“‘rising sun’”’ type resonator system to be 
described later. Generally, this component is of no concern because the 
electrons interact with the + mode component throughout a time interval 
covering several cycles, during which the effect of the contamination aver- 
ages out. ‘The exception to this occurs when the frequency of the rotational 
component of the electron motion, approximately the cyclotron frequency, 
resonates with the RF frequency as in a Type II magnetron. From equa- 
tion (2) this occurs for the plane case when f = c/X = eB/2xm, from which 
XB = 2xcm/e = 10,700 gauss-cm. For a typical cylindrical case the con- 
stant is somewhat greater, being about 12,500 gauss-cm. When \B has this 
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value, perturbation of the electron motion occurs, decreasing the efficiency 
of interaction with the traveling wave and manifesting itself on the perform- 
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Fig. 20.—A performance chart for a magnetron which has present in its interaction field 
a contaminating component independent ot azimuth. Note the efficiency ‘‘valley” ap- 
pearing along the line B = 3920 gauss (compare with Fig. 17). The wavelength of the 
magnetron being 3.18 cm., \B along the efficiency “valley” is 12,500 gauss-cm, The data 
were obtained on a magnetron having a “rising sun” type resonator system and are repro- 
duced here through the courtesy of the Columbia Radiation Laboratory. 


ance chart as a “valley” in operating efficiency appearing along the constant 
B line for which XB = 12,500 gauss-cm. In Fig. 20 is plotted the perform- 
ance chart of a magnetron, having a “rising sun” type anode structure which 
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exhibits this kind of behavior. In general, it would be preferable to operate 
this magnetron at magnetic fields above the “valley,” but considerations 
having to do with available magnetic fields, in some cases may make it 
necessary to operate near the efficiency maximum at lower magnetic fields. 


5. THE RF Circuit oF THE MAGNETRON OSCILLATOR 


5.1 General Considerations: The discussion to this point has presented a 
picture of how the multicavity magnetron oscillator works from the point 
of view of its electronics; how in this respect it is related to other types of 
magnetron oscillators; and how, on the basis of the picture of the electronic 
mechanism, some of its fundamental operating characteristics are to be ac- 
counted for. In the same manner the RF circuit of the magnetron oscilla- 
tor, comprising the resonator system, the output circuit, and the load, will 
be discussed. The importance of this part of the magnetron is apparent. 
It provides the RF fields with which the electrons interact. To do this, 
electromagnetic energy must be stored in the cavities of the resonator, which 
reservoir in turn is tapped to deliver energy through the output circuit to 
the useful load. The detailed manner in which these functions are per- 
formed has a bearing, not only on such circuit characteristics as circuit 
efficiency or on the effect of load on frequency, but, as has been seen, on the 
electronic efficiency as well. Furthermore, the circuit analysis of the mag- 
netron oscillator enables one to explain the remaining important operating 
characteristic, the so-called Rieke diagram, which describes the operational 
dependence on load. 

The type of resonator system used in the magnetron oscillator of concern 
here has already been indicated in Fig. 1. It is a resonator system com- 
prising a number of cavities spaced equally about the cylindrical anode. 
This general shape is dictated by the slotted anode cylinder upon which the 
RF interaction field is set up. To be sure, other types of resonators have 
been devised which contrive to place 7 mode potentials on the anode seg- 
ments of a cylindrical magnetron. Here, however, except for brief refer- 
ences, the discussion will concern itself with the multicavity resonator sys- 
tem of the general type shown in Fig. 1. Although the individual cavities 
have not been limited to hole and slot geometry like those shown in Fig. 1, 
and other features have been added, a resonator system consisting of a sys- 
tem of cavities, arranged around the anode in the manner of Fig. 1, has been 
used in the majority of magnetron oscillators developed for centimeter 
wave generation since 1940. 

5.2 Simple Single Frequency Resonator: The fact that the magnetron 
resonator system has a number of cavities electromagnetically coupled to- 
gether makes it multiresonant. What has been learned about the various 
modes and their electromagnetic field configurations, and how they may in 
a sense be controlled to improve magnetron operation must be discussed in 
some detail. Before this is done, however, it would be well to refresh one’s 
memory as to the fundamental ideas concerned with a single electromagnetic 
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resonator like one of the magnetron cavities.” This is important not only 
because the magnetron resonator system comprises a number of such cavities 
but also because the resonator system as a whole may under certaih circum- 
stances be considered to resonate at but one frequency, in which case it 
behaves like a simple single frequency resonator. 

Concerned with the simple electromagnetic resonator are the funda- 
mental ideas of a natural frequency of resonance, of the rate of energy loss or 
the sharpness of resonance, and of the characteristic admittance or the 
energy storage capacity. The electromagnetic resonator, whether it has 
lumped or distributed constants, consists of a device in which energy is trans- 
ferred between electric and magnetic fields cyclically in a manner entirely 
analogous to the transfer of energy between potential and kinetic in the 
simple swinging pendulum. Each of these oscillations, electromagnetic or 
mechanical, is described by a second order differential equation in terms of 
a parameter such as voltage or current on the one hand, and angular dis- 
placement of the pendelum bob on the other. The solutions represent 
simple harmonic oscillations, the one for the simple electrical circuit having 
the frequency, 


1 
3 ive 
fo= 3y = on V/EC* GH 


This occurs when the susceptances of the two components of the circuit, L 
and C, are equal, or when 


1 


wo L 


aC. (18) 


The fact that a finite time is required to transfer the energy between the 
electric and magnetic fields is a lumped constant circuit is not surprising 
since a finite time is required for a condenser to charge or discharge, and for 
a current to build up or decay in an inductance. 

5.3 The Q Parameters: The type of oscillation of the simple L-C circuit 
discussed above is its natural or free oscillation, not constrained by the ap- 


17 Jn the next sections of this paper, material has been drawn from the theory of a single 
resonant circuit having either lumped or distributed constants, the theory of coupled 
circuits, and the theory of centimeter wave transmission in coaxial lines and wave guides, 
treatments of which are to be found in the following representative texts: 

pce N. I. Adams, Principles of Electricity, D. Van Nostrand Co., New York 

E. A. Guilleman, Communication Networks, Vols. Land II, John Wiley and Sons, New 
York (1931). 

J. G. Brainerd, G. Koehler, H. J. Reich, and L. F. Woodruff, Ultra-High Frequency 
Techniques, D. Van Nostrand Co., New York (1942). 

J. C. Slater, Microwave Transmission, McGraw-Hill Book Co., New York (1942). 

R. L Sarbacher and W. A. Edson, Hyper and Ultrahigh Frequency Engineering, John 
Wiley and Sons, New York (1943). 

S. A. Schelkunoff, Electromagnetic Waves, D. Van Nostrand Co., New York (1943). 
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plication of any external driving force. Itis the sort of oscillation the circuit 
would undergo were it left to itself after being excited or started initially. 
Such an oscillation, once started, does not continue indefinitely because the 
energy put into the circuit initially, dissipates itself in resistive losses in the 
circuit components and in a load which may be coupled electromagnetically 
to the circuit. The exponential rate at which the original energy is dis- 
sipated is a very important characteristic of the circuit. It is usually 
specified by a parameter Q, defined as 27 times the ratio of the energy stored 
in the circuit to the energy dissipated per cycle of the oscillation.’ Thusa 
circuit always loses a certain fraction of its energy per cycle independent 
of how great this energy may be. In the exponential decay of oscillations 
in a resonator from which the drive has been removed, Q/27 is the num- 
ber of cycles of oscillation, required for the stored energy to decay to 1/e of 
its initial value. Similarly, in the buildup of oscillations in a resonator 
to which is fed a constant amount of energy per cycle, Q/27 is the number 
of cycles required for the stored energy to buildup to (1 — 1/e) of its final 
equilibrium value. 

It is possible to define several types of Qs for a circuit, depending upon 
the nature of the energy dissipation being considered. If one considers 
only the energy lost in the resistance of the circuit components themselves, 
one defines the so-called unloaded Q, Qo. If the circuit is coupled electro- 
magnetically to a resistive load, the Q defined in terms of the energy dis- 
sipated in the load and internal resistance is called the loaded Q, Qz. 
Finally, for some purposes it is convenient to consider the ratio of energy 
stored to that dissipated in the external load only. This defines the ex- 
ternal Q, Qez. It is clear that both Q, and Q-z are functions of the degree 
of coupling between the oscillating circuit and the resistive load. 

The Q parameters, however, tell one more than the rate at which energy 
is dissipated in a circuit oscillating at its natural frequency. The admittance 
of the circuit, measured as a function of the frequency of an external driving 
source, passes through a minimum at the natural frequency of oscillation of 
the circuit. The sharpness of the dip in the admittance curve is determined 
by the Q, of the circuit in such a manner that the sharper the dip, the higher 
theQ:. In passing through resonance the susceptance of the circuit changes 
sign from inductive for frequencies below the frequency of resonance, to 
capacitive, for frequencies above the frequency of resonance. The rate at 
which the susceptance varies with frequency is another measure of the 
sharpness of resonance and of the Q, of the circuit. 

5.4 Energy Storage and Loss: The remaining ideas concerned with a 
simple L-C circuit of lumped constants which should be mentioned here are 
the characteristic admittance of the circuit, the energy storage capacity, 


18 As will be seen in the subsequent discussion the factor 27 is included here so as to 
simplify the definition in terms of admittance. 
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and how these are related to each other and to the concepts already men- 
tioned. For this purpose it is convenient to consider the circuit shown in 
Fig. 31 (c). Across the terminals AB is connected the L-C circuit in which 
the resistive losses are represented by the circuit conductance G,. The 
circuit is loaded by the admittance Yi= Go jBie 

Looking into the circuit at the terminals AB one sees the admittance: 


Ws 
Y,=Ge+jBe+ Vi = Getz 7 tec + Yi 


which may be rewritten: 


= ig /S (232 uf 
pone (é g)+¥ (19) 





=G.+ (2 =%) Yo + Yi, 


1 
where wo = Vic and Yo, = f§- 


The expression 5 having the dimensions of an admittance, is by definition 


the characteristic admittance of the circuit, Yo.. Its relation to the energy 
stored in the circuit, and through this to the various Qs defined above, may 
be seen from the following: Using the root mean square value of voltage, the 
energy stored in the circuit is CVir- This can be reduced by the use of the 
definition of the resonant frequency and by differentiation of the expression 
(19) for the admittance, thus: 

1 


CViiy = Loe 2, =- 
wo 2 


dB, 


hs Vir. (20) 


omen 








Thus, at a given frequency w., the energy stored in the circuit for unit voltage 
applied to it may be specified either by the characteristic admittance of the 
circuit, Voc, or by the rate of change of susceptance with frequency at the 


resonant frequency, 


dw lomwo 

The loss of energy per cycle in the circuit itself, that is, in the shunt con- 
ductance G,, is the power loss in the circuit divided by the frequency, 
Vir Ge 











From this and equation (20) the unloaded @Q is seen to be: 





w/ 2m 
ae 
Oy 
Qo = 2n as = ee (21) 
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Similarly, for the loaded and external Qs: 
Voe 


QO. = G+o5’ (22) 
Y 
Qu = GI (23) 
It follows that the Qs are related thus: 
1 1 1 
Qu = Q * Qext ; a 


The efficiency of the circuit, defined as the fraction of the energy which 
reaches the useful load is then: 


Sy at aN Say i's 
Fa Viper Glay eee 
Yo 
— 25 
Stee a Gi ee 
= Fo Yo Qext Qext” 
—— =~ 1 
Gat er ee 


5.5 Resonators with Distributed Constants. The individual cavities of 
the magnetron oscillator, however, are circuits in which the parameters are 
distributed and not lumped. They may be considered to be “‘strip-type” 
resonators, three forms of which generally used in magnetrons, are shown 
in Fig. 21 (a), (b), and (c). Type (a) has been called the slot type resonator; 
(b), the vane type, deriving its name from a common method of fabrication 
in which rectangular plates are disposed around and brazed to the inside of 
a cylindrical cavity; and (c), the hole and slot type resonator. The forms 
of these resonators, especially the parallel strip form of Fig. 21 (a), suggest 
that the resonators may be considered as sections of terminated transmission 
lines. 

Voltage and current waves traveling down a section of uniform trans- 
mission line, terminated at one end by a short circuit and driven by a sinus- 
oidal voltage at the other end, are reflected at the shorted end. The inter- 
ference of the incident and reflected waves results in standing waves of 
voltage and current along the line. Since the voltage and current waves 
suffer phase changes on reflection differing by + radians, the corresponding 
standing waves are shifted by 1/2 radians relative to one another. Thus 
the input admittance of the section of line is a periodic function of the dis- 
tance, ¢, to the shorted end. For a lossless line, this admittance is given 
by the expression: 
af 


Y= Sri meets. — j¥o cot —— 


x (26) 
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In (26), VY. is the characteristic admittance of the line. For a line of given 
length, this expression gives the input admittance as a function of frequency. 
When the frequency is c/4¢, the line is a quarter wavelength long, and the 




















Fig. 21.—Three “‘strip type”’ cavities commonly used in magnetron resonator systems, 
each resonant at the frequency c/d. Type (a) is essentially a quarter wavelength (4/4) 
section of uniform transmission line. It should be noted how types (b) and (c) are physi- 
cally shorter than type (a) by virtue of the greater relative capacitive loading near the 
open ends. 


input admittance, if the line is lossless, is zero. In other words, the section 
of line resonates at this frequency.” In a quarter wavelength resonator of 


18 The frequency of resonance, f = c/4¢, is the fundamental or lowest frequency of an 
infinite series of resonant frequencies for which the line length is (2g — 1)d/4; 
fa = (2g — 1)c/4l,q = 1,2, 3, + °. 
These frequencies may be specified by considerations of the phase relationships which must 
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uniform geometry, the voltage is maximum at the input end and the current 
is maximum at the shorted end, each varying sinusoidally to a node at the 
other end of the line. 

The frequency of resonance of a section of terminated uniform line is thus 
determined by its length. If the geometry of the line is nonuniform, the 
frequency of resonance may be determined by the solution of Maxwell’s 
equations with the appropriate boundary conditions. In general, this 
procedure is involved and tedious, however. One may get a reasonable 
idea of the values of w) and VY» by assuming the half of the resonator near 
the open end to be capacitive only, the half near the closed end inductive 
only, and calculating € and L by application of elementary formulas to an 
equivalent parallel plate capacitance and a single turn sheet inductance of 
height / and proper cross sectional area. In the case of geometry like that 
of Fig. 21 (c), the division of the resonator on this basis is obvious. 

A line of physical length ¢’, less than \/4, may be made to resonate at the 
frequency c/A by connecting across its input end a lumped capacitive sus- 
ceptance, of magnitude, wC, equal to that of the inductive susceptance of 


v 
the line, Yy cot = [see equations (18) and (26)]. In like manner, reso- 


nators like those of Fig. 21 (b) and (c), whose physical length is less than 
/4, may be considered to be made up of an inductive section of uniform line 
across which additional capacitance has been inserted near the open end, 
bringing the frequency of resonance to c/A. In Fig. 21, the three resonators 
of different physical lengths all resonate at the same frequency. 

In addition to the resonant frequency of a resonator of distributed con- 
stants, one may define its Qs and characteristic admittance and link these 
to the rate of change of susceptance and energy storage capacity at reso- 
nance as was done for the circuit of lumped constants. Resonators of 
different geometry but of the same resonant frequency differ in character- 
istic admittance and loss conductance and hence in the Qs and the amount 
of energy which can be stored with unit voltage impressed across the in- 
put end. Of the resonator types shown in Fig. 21, the slot type has the 
largest admittance, the vane type, the smallest admittance, with the hole 
and slot type intermediate. 


6. Resonator SysTEMS 


6.1. Two Coupled Resonators: The resonator system of the magnetron 
oscillator consists of a number of individual resonators of distributed param- 
eters, machined into the anode block. As the simplest case of a system of 
coupled resonators, consider that having two resonators which are coupled 





exist between oppositely traveling waves on a lossless line for constructive interference. 
These considerations are similar to those employed later in the discussion of the modes 
of oscillation of the magnetron resonator system as a whole. 
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only by the mutual linkage of magnetic lines and which resonate at the same 
frequency, wo, when uncoupled. 

When such a coupled system is shock excited it is observed that the 
oscillation amplitude in either of the circuits is modulated at a so-called beat 
frequency, ws. A fraction or all of the energy in the system, depending on 
the initial conditions, surges back and forth at this frequency between the 
circuits similar to the manner in which the energy of motion is exchanged 
between two coupled pendulums. The total energy in the system is con- 
stant, the beats differing in phase by 1/2 radians between the circuits. 

The observation of beats is a manifestation of the fact that the two coupled 
resonators form a complex system oscillating simultaneously in its two 
modes for which the frequencies are (w) + w,) and (wo — ws). The oscilla- 
tion in either circuit results from the superposition of the two component 
oscillations in this manner: 


A cos (wo + wz) t+ B cos [(wo — wa) t+ 6] = 


é 6\ (27) 
(A — B) cos (wo + ws) t + 2B cos wat — 5 cos wot + 5 ; 


with a similar expression for the case when A < B. The oscillation may 
be predominantly of one frequency, that is, almost entirely in one mode, if, 
for example, A > B. In general, the oscillation is a superposition of a 
steady oscillation in the predominant mode [(wo + ws) if A > B) and an 
oscillation whose amplitude varies with the beat frequency, wx. In the 
special case, when the component oscillations are of equal intensity, A = B, 
the amplitude of the resultant oscillation in either circuit goes to zero periodi- 
cally at the frequency w;. This represents the case for which all the energy 
present in the system is transferred back and forth between the circuits. 

The frequency separation of the two modes arises from the coupled effect 
of the oscillation in each of the circuits on the oscillation in the other. Thus, 
in the mode of lower frequency, (ws — wz), the two circuits oscillate in phase 
and the self induction effect in each circuit is aided by the mutual induction, 
each circuit behaving as though it were oscillating freely with a greater 
value of self inductance and hence at lower frequency [equation (17)]. For 
the mode of higher frequency, (wo + wa), the reverse is true. Here the two 
circuits oscillate out of phase by radians, the mutual induction opposing 
the self induction and the circuits oscillating as though uncoupled with a 
smaller value of self inductance and hence at higher frequency. 

If instead of shock exciting the system of two coupled resonators it is 
forced to oscillate by applying to it a sinusoidal voltage of variable fre- 
quency, the admittance of the system is found to pass through minima at 
the mode frequencies (w) + ws) and (w) — ws). Thus it is possible to drive 
the system and store energy in either of the two modes, For each mode of 
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the coupled circuit system, as for the simple single frequency resonator, Q 
parameters and a characteristic admittance may be defined which specify 
sharpness of resonance and energy storage capacity, respectively. 


6.2 The Multicavity Anode Structure: As an introduction to the dis- 
cussion of the multicavity resonator system of the magnetron oscillator 
having cylindrical symmetry, consider the system of a series of resonators 
machined side by side in a linear block as shown in Fig. 22. One may con- 
sider such a linear array either to be infinite in extent or to be terminated 
in some manner at the ends of a string of N identical resonators. 





Fig. 22.—A linear array of resonators terminated at both ends by generalized termina- 
tions represented by planes. The figure is meant also to indicate the nature of the infinite 
array of resonators referred to in the text. 


The oscillation in each resonator of the array of coupled resonators is 
specified by a differential equation in terms of a variable, such as current 
or voltage, the constants of the circuit itself, and the mutual interaction 
between the circuit and its neighbors. Each solution of the set of simul- 
taneous differential equations for all the resonators involved corresponds 
to a definite phase shift between adjacent resonators. The allowed values 
of this phase shift depend upon the boundary conditions imposed on the 
string of resonators. If the block is infinitely long, all values of phase shift 
are allowed. In terms of the electromagnetic field pattern formed on the 
front surface of the block by the fringing fields of the individual resonators, 
this means that traveling wave solutions representing waves of any velocity, 
traveling over the surface of the block in directions normal to the slots, are 
possible. If the block is terminated, on the other hand, the boundary 
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conditions restrict the phase shift between resonators to a set of specific 
values. These correspond to the traveling waves which on reflection at 
the terminations constructively interfere. 

The cylindrical magnetron anode structure is a series of N resonators 
connected in a ring. It may be thought to be a section of a linear array of 
resonators rolled into a cylinder. The boundary condition imposed is that 
of connecting together the resonators at the ends of the string. Under 
these circumstances only those modes of oscillation are possible for which 
the total phase shift around the ring is 2rn radians, n being any integer 
including zero. The oscillations in adjacent cavities then differ in phase 


by aan radians, Again this means that only those waves traveling around 


N 

the anode block which constructively interfere are possible solutions. These 
are waves which, after leaving an assumed starting point and traversing the 
anode once, arrive back in phase with the wave then leaving in the same 
direction. The anode potential waves and the RF interaction fields in the 
interaction space to which they correspond have already been discussed in 
connection with equations (12) and (13). In these electromagnetic field 
patterns, the electric and magnetic field components are displaced both in 
space and time phase by 7/2 radians relative to one another, similar to the 
manner in which voltage and current on a terminated transmission line are 
related. 


6.3 The Modes of the Resonator System: It has been seen that the modes. 
of oscillation of a magnetron resonator system are characterized by definite 
2an . 
yen 
which the parameter » may assume only integral values including zero. 
Each such mode of oscillation has a frequency different from the frequency 
of any other mode and from the frequency of one of the N resonators oscil- 
lating freely and uncoupled from its neighbors. In the general case of V 
coupled resonators, as in the case of two coupled resonators previously dis- 
cussed, the modes of oscillation have different frequencies because of the 
effect of the mutual coupling between the resonators. For NV = 2, the 
oscillations in the two resonators are either in phase or m radians out of 
phase, the induction in one circuit by the other either directly adding to or 
subtracting from the self induction. In the case of the multiresonator sys- 
tem the mutual induction effect may bear phase relations to the self induc- 
tion other than 0 and = radians. Thus not only the magnitude of the 
coupling but also this phase relationship determines the magnitude of the 
effect of the mutual induction and hence the amount of deviation of the 


values of the phase shift between adjacent resonators specified by 
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mode frequency from that of a single uncoupled resonator. If the coupling 
between resonators were in some way gradually reduced, all mode frequencies 
would converge to the value for a single uncoupled resonator. 

The complete anode potential wave for a mode specified by the parameter 
n has been given in equation (12). Each of its traveling components is 
represented by a fundamental of periodicity » and a series of so-called 
Hartree harmonics of periodicities k = » + pN, p = 0, +1, 42,-:-. 
Any sinusoidal component for which the number of complete cycles around 











the anode is greater than 7 is thus a harmonic of the complete field pattern 
NW 

2" 
Physically distinguishable modes of oscillation exist only for the values of 


for one of the modes whose fundamental is of periodicity n = 1, 2,---, 


n less than or equal to x, including zero. However, this accounts for only 
3 + 1 of the V modes of oscillation which one expects a system of N reso- 
nators to possess. The reason for this is that in general the frequency of a 


mode specified by the parameter 7 (except for the values 0 and 3) is a double 


root for a perfectly symmetrical anode structure. The mode is thus a 
doublet and is said to be degenerate. One would expect this on mathe- 
matical grounds from the fact that the general solution of expression (12) 
has four arbitrary constants, whereas a singlet solution of the system of 
second order differential equations specifying the oscillations should have 
no more than two. 

The nature of the degeneracy of the modes of the resonator system is 
perhaps most clearly seen by investigating what happens when the sym- 
metry of the system is destroyed by the presence of a disturbance or per- 
turbation at one point, a coupling loop in one of the cavities for example. 
Such a disturbance provides the additional boundary condition needed to 
remove the degeneracy. 

Consider the effect of the narturhatiga.< on the zth mode. It represents 
an admittance shunted across the otherwise uniform closed ring of resonators. 
This shunt admittance may be represented by eV , € being a complex num- 
ber, taken to be small for simplicity, and Yo the characteristic admittance 
of the closed resonator system. In such a system, a potential wave inci- 
dent upon the disturbance eV , having an amplitude a at the disturbance, 
breaks up into a reflected wave and a transmitted wave which, if ¢ is small, 


have the amplitudes — aand (: - 3 a, respectively [see equation (30) 
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for the reflection coefficient on a transmission line]. In passing across the 
disturbance, a wave undergoes a small phase shift 6$(w). Since the total 
phase shift around the entire systen{ must remain 2rn, one may write: e@)+ 
5(w) = 2nn, in which $(w) is the phase shift around the system not in- 
cluding the disturbance. If there is no disturbance, w = wn» (wn is used here 
for the w of the nth mode), 56(w) = 0, and ¢(wn) = 2mn. For waves inci- 
dent upon eV from either direction, the respective amplitudes a and b at 
eYo must satisfy the equations: 


a= [-§ b+ (1 - ‘) o| ceo 
2k Si id (w) 
b= [-fo4(0-4)s] 


-(@ — wn) for ¢@) = 2an — 66() in these equations 


On 





Writing 2rn — | 

dw 
and keeping only first order terms, one obtains the following pair of ho- 
mogeneous linear equations for a and 6: 





, | Oe eng ent NE a 
[«|#L, (w — wn) s|e 3° 0 
a A Hn Peper aeesiod pe 

get E Bales (@ — wn) at 0. 








These equations have a solution if and only if the determinant of the co- 
efficients vanishes, that is, if: 











The two solutions are thus: » = w,, for which a = —), and w = wn — 
JE for which a = b. 
8 lon 





From these facts concerning the amplitudes, namely, that at the disturb- 
ance ¢Yy the amplitudes of the two oppositely traveling waves must either 
be equal or equal and opposite in sign for all time, one may conclude that 
the waves are of equal amplitude and that the standing waves resulting for 
each frequency must have a node at the disturbance for the w = w, solution 
and an antinode there for the w = wn — Pe solution. 


oe 


dw 
What this means in terms of the general solution for the degenerate mode 





On 
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of periodicity » of equation (13) may now be seen. Expression (13) may 
be rewritten in terms of measured from the disturbance eV in this way: 


Var = x (Ay — By) cos (wt — 26 + 7) 
+ zx 2B, cos (3) cos E + (ue ‘| cos kO (28) 
+ > 2B, sin (3) cos E + ) sin 0. 


When the degeneracy is removed, the first summation representing the 
traveling wave vanishes since the amplitudes A; and B;, are equal for the 
reasons indicated. Furthermore, the second term involving cos k@ terms 
is then the component of the doublet whose frequency changes, and the 
third term involving sin k@ terms is the component of undeviated frequency. 
For the latter component the disturbance appears at a node and hence has 
no effect. The reverse holds for the cos k@ solution. For it, the frequency 
deviation depends on the magnitude of the disturbance through the quan- 
tity «. The disturbance caused by the coupling loop in an actual magnetron 
resonator system is sometimes sufficient to split the components into dis- 
tinguishable resonances. 

Thus an unsymmetrical multicavity resonator system in general has two 
modes of different frequency for each value of m. With respect to the 
asymmetry as origin, one of these modes has a. cosine-like field pattern, the 

md 1 
+3 7 1, con- 
tributing NW — 2 modes. The remaining two modes of the resonator sys- 


other a sine-like field pattern. This is true for m = 1, 2, -+- 


tem, for which » = 0 and f are singlet modes even in the symmetrical 


anode, This may be seen from the analysis demonstrating the splitting of 
the nth mode into two components. For the » = 0 mode, since the anode 
potential wave is independent of azimuthal angle, the solution w = w, for 


which a = —6 represents the trivial case of zero amplitude at all points. 
Similarly, for the n = mode (the + mode) the w = w, — ar solution 
809 ln 








for which a = 6 yields a cosine-like pattern giving zero potentials at each 
anode segment, an equally trivial case. Thus each of the V modes of the 
multicavity resonator system have been accounted for. 

As an example, plots of the field configurations for the modes of a magne- 
tron having eight resonators are shown in Fig. 23. For clarity, only the 
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Fig. 23.—Configurations of electric fields, magnetic fields, and anode potentials for the 
n = 0, 1, 2, 3, and 4 modes of a resonator system having eight resonators. For each field 
pattern of periodicity », the configuration of the electric lines of force in the magnetron 
interaction space is shown at the left, the configuration of the magnetic lines threading the 
resonators is shown at the upper right, and anode potential waves are shown at the lower 
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electric field lines of the fundamental component ( = 0) of each mode are 
shown in the interaction space. Only the magnetic field lines are shown in 
the resonators. Below these is plotted the distribution in potential for 
each of the fundamentals, sin 6 and cos 6, n = 0, 1, 2, 3, and 4. For the 
n = 0 mode the magnetic flux threads through all the resonators in the 
same direction and returns through the interaction space. That all the 
segments are in phase and the interaction space field is independent of angle 
may be seen. That there is but one 7 mode is also seen from the fact that 
the cos 49 term corresponds to zero potential on all the anode segments. 
The first Hartree harmonic for the » = 1 mode, namely that for which 
p = 1, having seven repeats (k = 7) or a total phase shift of 147 radians 
around the anode, is also plotted in Fig. 23 in addition to the fundamental. 
The fact that it yields the same variation of anode ségment potential around 
the anode as the fundamental is apparent. 

If the system of N resonators were shock excited it would oscillate in all 
of its modes simultaneously, producing beats in a manner analogous to but 
considerably more complicated than that for the system of two resonators 
already discussed. Furthermore, if the system were forced to oscillate by 
an external drive whose frequency can be varied, the admittance of the 
system would go through a minimum at each of the mode frequencies. With 
each such resonance there are associated values of the Qs, characteristic 
admittances, energy storage capacities, and the like. 

The loading of the two modes of the same value of » by the output circuit 
of the magnetron depends on the position of the output loop relative to 
the respective standing wave patterns. If the output coupling loop forms 





right. The interaction field plots represent only the fundamental components in each 
case, The higher harmonics would aftect the fields as plotted most radically near the slots 
in the anode surface. The arrow shown in one of the slots in each case indicates the res- 
onator which is coupled to the output circuit. The field lines in each plot are spaced 
correctly relative to one another but not relative to those in any other plot. In the plot 
of magnetic field lines in the resonator system (shown, as dashed lines), the anode is de- 
veloped from the cylindrical case, the anode segments being represented by the shaded 
rectangles. At the center is a representation of the output loop. The magnetic lines for 
the » = 0 mode thread through each resonator in the same direction and back through the 
interaction space in the opposite direction as indicated by the open circles at the ends of 
the lines. For each mode the magnetic lines are shown for the instant when RF current 
flow is maximum and all anode segments are at zero potential. In the plots of anode 
potential, the full lines represent the potential variations with azimuthal angle @ of the 
fundamental components sin 40, & = . @ is measured from the position of the output 
coupling loop. The full circles on these curves indicate the potentials of the anode seg- 
ments. The dashed lines represent the cos 0, = ”, modes. It should be noted that 
the cos 40 configuration is trivial as it yields zero potential on each anode segment at all 
times. The cosine curves may also be taken to represent the azimuthal variation of mag- 
netic field intensity which is in time quadrature with respect to the corresponding sine curves 
of potential. Similarly, the sine curves may represent magnetic field intensity correspond- 
ing to the cosine curves of potential. For the = 1 mode the potential variation for the 
second Hartree harmonic (x = 1, p = —1) is also plotted (actually sin 70 is plotted in- 
stead of sin —7@ for comparison with sin @). It is to be noted that it corresponds to the 
same anode segment potentials as its fundamental. 
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the asymmetry discussed above, one of the modes is strongly coupled and 

’ the other weakly coupled. The strongly coupled mode is that for which 
the anode potential wave is sine-like with respect to the cavity containing 
the output coupling loop as origin. In this mode the current and hence the 
magnetic flux in the output cavity is maximum. The fact that one of the 
modes of periodicity » is weakly coupled may be of significance in magnetron 
operation. As will be discussed later, oscillation in a loosely coupled mode, 
having a high Q by virtue of its being damped only by losses in the resonator 
system itself, may build up more rapidly under electron drive than that of 
the rmode. Thenit is possible for the magnetron to oscillate either steadily 
under certain conditions, or intermittently, in an unwanted mode. For this 
reason it is usually necessary to provide a second asymmetry in the anode 
structure so as to shift the standing wave patterns of the two modes of same 
n most likely to offend and in this way to equalize their coupling to the out- 
put circuit. 


6.4 Higher Order Modes: To this point in the discussion the RF cir- 
cuit of the magnetron has been assumed to behave like a string of V lumped 
circuits coupled together in a ring, each circuit having only one natural 
frequency of resonance. This structure, as has been seen, has N modes of 
oscillation. Actually the multicavity resonator, since its constants are 
distributed, has an infinite number of modes of oscillation. They are to 
be distinguished by the nature of the variation of the RF field along the 
axis of the resonator system and radially in the individual resonators. Thus 
there may be nodal planes passing through the resonator system normal to 
its axis, or nodal cylinders, concentric with the axis of the system, passing 
through the resonators. The modes may be classified as symmetric or 
antisymmetric depending on whether the two ends of the system are in 
phase or m radians out of phase. The variation of RF voltage along the 
anode length is a circular sine or cosine function if the mode frequency is 
greater than the resonant frequency of the unstrapped resonator system 
and is a hyperbolic sine or cosine function if the mode frequency is less, 
The fundamental multiplet of N modes discussed above are symmetric 
modes corresponding either to no variation or to a hyperbolic cosine varia- 
tion of RF voltage along the length. In these modes of the resonator system 
the cavities, considered as radial shorted transmission lines, resonate in 
their fundamental modes. Generally the frequencies of the higher order 
modes of the resonator system are quite far removed from those of the 
fundamental multiplet and only rarely need be considered. 


6.5 Other Types of Resonators: As alluded to earlier, other types of 
magnetron resonators have been devised which can supply the‘proper al- 
ternate 7 mode potentials to the segments of a multisection anode. Two 
of these which have received some consideration by magnetron designers 
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but which have not come into general use will be mentioned in passing. One, 
the so-called “serpentine” anode structure, consists of a single slot, cut 
into the anode body, which winds up and down the anode length and 
around the interaction space. It is essentially a “‘half-section” wave guide, 
closed on itself, oscillating in its fundamental at the cut-off wavelength. 
As one passes along the resonator, the field for this mode is uniform, but, 
by virtue of the geometrical arrangement, the field it supplies to the inter- 
action space is r radians out of phase from gap to gap. Other modes corre- 
spond to integral numbers of wavelengths along the length of the “serpen- 
tine” resonator. The separation in frequency between the fundamental 
and the next highest harmonic generally is not as great as is desirable. 

The other magnetron resonator system to be mentioned involves 
the use of a single toroidal cavity of rectangular cross section whose inner 
cylindrical surface has been removed. Across this opening are placed the 
anode segments, adjacent ones being connected to opposite sides. The 
fundamental of this cavity corresponds to the cut-off wavelength as in the 
“serpentine” structure. This cavity has been mentioned in the literature” 
and has received some attention during the war. It is most useful in low 
voltage CW magnetrons where the small interaction space makes possible 
a resonator with sufficiently great mode separation between the fundamental 
and the first harmonic. 


7. SEPARATION OF MODE FREQUENCIES 


7.1 Necessityand Means: The frequencies of the modes of the magnetron 
resonator system near that of the x mode would ordinarily be closely grouped 
were not steps taken to separate them. Curve (a) of Fig. 25 shows the dis- 
tribution of mode wavelengths for a typical 10 cm. resonator system like 
that of Fig. 1. It is not easy to account for the exact nature of this curve. 
By virtue of the fact that the mutual induction effects between circuits 
bear different phase relations to the self induction effects for different modes 
one would expect the mode frequencies to differ. However, the conditions 
at the ends of the resonator block, in which region the flux lines link the 
resonators, are extremely important and affect frequency in a way not com- 
pletely explained as yet. That the end regions should have an effect is 
understandable since they contribute capacitance and inductance as does 
any other part of the resonating cavity in which there are electric and mag- 
netic field lines. Furthermore, as might be expected, it has been demon- 
strated that the end conditions have a greater effect on mode frequency 
the lower the mode number nz. This results from the fact that the field 
strength in-a mode of periodicity n falls off inversely as rapidly as the nth 
power of the distance from the resonator block. 

From the point of view of the electronics of the magnetron, one might 


2% This resonator is the so-called “turbator’” discussed by F. Liidi, Bull. Schweiz. 
Elektrotechn. Verein, Vol. 33, No. 23 (1942). 
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think proximity of mode frequencies to be no problem because the different 
modes, even if of the same frequency, generally require different conditions 
relating the operating parameters V and B for oscillation [see relation (14)]. 
From the circuit point of view, however, close proximity of the mode fre- 
quencies is clearly undesirable, for under such conditions it is possible that 
a second mode may be excited by the electronically driven mode which is 
usually the mode. The 7 mode oscillation, coupled to the second mode 
through some asymmetry in the resonator system, under these conditions 
sets up forced oscillations in the second mode. The interaction field pattern 
of the second mode then appears as a contamination of the x mode pattern, 
adversely affecting the electronic interaction with the 7 mode. 

The mode frequency separation in magnetron resonator systems generally 
has been accomplished by two methods which bear an instructive relation 
to the means by which the mode frequencies of two coupled resonators may 
be separated. In the two resonator system, it is clear that the mode fre- 
quency separation can be increased by increasing the coupling since the 
difference in mode frequencies is brought about by the mutual coupling 
between the circuits, as has been explained. On the other hand, mode 
frequency separation may also be accomplished by detuning the individual 
resonators relative to one another. In either case the mode frequencies 
separate. Under shock excitation of the system, the beat frequency, equal 
to half the difference in the two mode frequencies, increases, corresponding 
to the greater rate of interchange of energy between one resonator and 
the other. 

In the multicavity resonator system of the magnetron these means corre- 
spond, on the one hand, to the increase of coupling by conductive connec- 
tions between the resonators, or so-called straps, and, on the other hand, to 
the use of cavities tuned alternately to different frequencies. This latter 
method has been used in the so-called “rising sun” anode structure to be 
discussed presently. 


7.2 Strapping of the Resonator System: The idea of strapping a magnetron 
anode appeared in a British attempt to lock the oscillation of the resona- 
tor system into the x mode by connecting alternate anode segments together 
with wire straps. Although the number of modes of such a strapped struc- 
ture is not changed, since its N-fold symmetry remains, the so-called “mode- 
locking straps” did succeed in separating the modes and making for easier 
oscillation in the mode alone. The frequency separation of the modes is 
not infinite, however, because the straps are not of negligible length com- 
pared to a wavelength and thus have appreciable impedance between points 
on the structure to which they are connected. In most magnetron resonator 
systems today, straps of some form or other are employed. 

In Fig. 24 are shown four types of strapping including the early British 
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SEC. A-A 
SHOWING LOCATION 
OF STRAPS IN TOP 
OF ANODE 

Fig. 24.—Schematic diagrams of four strapping schemes used in magnetron resonator 
systems. End views are shown on the left, and views rolled out as in Fig. 23 are shown on 
the right. (a) represents the early British type of unsymmetrical wire strapping, (0), a 
single ring type, (c), the so-called echelon type of wire strapping, and (d), the double ring 
type. In types (a) and (6) the straps on each end are at the same radius except where 
they overlap bit are shown separated on the left-hand diagram for clarity. In types (c) 
and (d) the straps on the same end are at the same height and are shown as in the right- 
hand diagrams for clarity. The section A—A through type (d), shown below, indicates how 
the straps may be recessed into the resonator structure for shielding. The nature of the 
strap breaks introduced into types (c) and (d) are seen. In type (c) two links are removed 
and in type (d) actual breaks are made in the otherwise symmetrical rings. The breaks, 
shown here adjacent to the output coupling loop, are usually placed diametrically opposite. 
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type. In Fig. 25 are shown the distributions of mode frequency fora typical 
resonator system unstrapped, and strapped with three of the types of 
strapping shown in Fig. 24. 

It is possible to account, in quite simple terms, for the shift which takes 
place in the mode frequency distribution when the anode is strapped. For 
this purpose consider a double ring strapped system like that of Fig. 24 (d). 
The role of the straps in determining mode frequency depends upon the 
relative magnitudes of their shunt inductive and capacitive effects. The 
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Fig. 25.—Plots of the variation of mode wavelength with mode number for a resonator 
system, unstrapped, or strapped in different ways. Curve (q) is for the unstraj ped anode 
structure. Curve (6) is for the same structure strapped as shown in Fig. 24 (a), curve (¢) 
for the same structure strapped as shown in Fig. 24 (b), and curve (d) for the same structure 
strapped as shown in Fig. 24 (d). It is to be noted how the wavelength increases for large 
n and decreases for small n as the “strength” of strapping is increased. 


capacitive effect of the straps for any mode depends upon the amount of 
shunt capacitance added relative to that already present in the resonators 
and upon the positions in the system to which they are connected. This 
latter determines the average phase difference between the rings and thus 
their potential difference per unit RF voltage excitation. Similarly, the 
inductive effect of the straps depends upon the magnitude of their shunting 
inductance relative to that in the resonators. However, the important 
consideration concerning the points to which the straps are connected is the 
phase differences between points along the resonator system to which a 
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given ring is connected. This determines the amount of current which the 
strap carries. 

In the case of the r mode the two straps are 7 radians out of phase, each 
strap being connected to points which are in phase and at potential maxima 
[compare Figs. 23 and 24 (d)]. Their effect is predominantly capacitive. 
The only currents flowing in the straps are the charging currents of the strap 
capacitances. If a resonator system having a total capacitance C, a total 
inductance L, and a r mode angular frequency w» , is strapped by a strapping 
system which adds a total capacitance C, to the resonator system, the new 


frequency is 
wy = 1/VL(C + G,) = w/V1 + CC. 


The change in frequency is thus specified by the so-called “strength” or 
“tightness” of the strapping implied in the ratio of strap to resonator 
capacitance. 

For modes of lower pericdicity, n < N/2, the average potential difference 
between the straps ard thus their capacitive effect is less because the straps 
connect points on the resonator structure differing in phase by less than 
radians. This corresponds to the shunting of a resonant line by a capaci- 
tance nearer the voltage node, at which point it would have no effect. On the 
other hand, a given ring now connects points on the anode whose potentials 
differ in phase. The ring thus provides additional conducting paths for the 
circulating RF currents in the resonator system. These paths are essentially 
shunt inductances across the resonators which reduce the over-all inductance 
of the resonator system, shifting the mode to shorter wavelength. As mode 
numer decreases the two straps ccre closer together in potential but each 
strap connects points of greater potential difference. Thus the capacitive 
effect decreases, the currents carried by the straps and hence the inductive 
effect increase, resulting in a progressive depression of mode wavelength. 

In Fig. 25 the curves (a), (b), (c), and (d) represent the progression from 
the unstrapped case, (a), through three successive cases of increasing 
strength of strapping. This increase in strength of strapping has resulted 
both in an increase of strap capacitance and a decrease of strap inductance 
as the increase of 7 mode wavelength and the decrease of mode wavelengths 
for smaller demonstrates. It is accomplished by increasing both the inter- 
strap and strap-to-body capacitances as well as the cross sectional area of 
the straps. 

The magnitude of the inductance of a strap depends on its physical length 
between the points on the anode structure to which it is connected. As 
this length increases, the strap inductance increases and hence has less effect 
as a shunt path. For this reason, the effectiveness of a given strapping 
scheme in producing separation of mode frequencies is reduced if the anode 
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diameter is increased for higher voltage operation or to accommodate a 
greater number of resonators around the anode periphery. 

Finally, it should be pointed out that the location of the straps at the ends 
of the anode structure causes their effectiveness to reduce with increasing 
anode length. As anode length is increased, the mode frequency distribu- 
tion approaches that of the unstrapped resonator system of infinite length. 


7.3 Asymmetries in Strapping—Strap Breaks: Of very great importance 
to the operation of a strapped resonator system is the degree of symmetry 
in the strapping system. The early British strapping is not symmetrical 
around the anode. The other three types shown in Fig. 24 are symmetrical 
except for breaks which are usually incorporated at least on one end of the 
anode. These asymmetries in the strapping provide the most convenient 
method of incorporating in the resonator system the additional asymmetry 
needed to orient the standing wave patterns of doublet modes with re- 
spect to the output circuit of the magnetron so as to equalize their loading. 
In addition, the strap asymmetries are arranged so as not to affect the sym- 
metrical distributions of yoltage and current in the resonator system for the 
m mode but to destroy such symmetry to an appreciable extent for other 
modes. For example, the destruction of the symmetry of the » = 3 mode 
pattern in a system of eight resonators by a single asymmetry in the strap- 
ping amounts to its contamination with a field component of periodicity 
corresponding to n = 1. Since the voltage and magnetic field values at 
which this contaminating component may be driven by the electrons are 
considerably farther removed from the + mode values than are those of the 
n = 3 mode, one has effectively converted the » = 3 mode into another 
mode less troublesome electronically. 

In the echelon strapping of Fig. 24 (c) the asymmetry is produced by 
removal of two of the connecting links. The breaks in the strip or ring 
straps of Fig. 24 (d) are located as shown in the center of a link between two 
strap “feet”. The break is thus at a current node in the strap for the + 
mode and has no effect on the pattern symmetry of this mode. For the 
other modes, however, the breaks appear at points where currents would 
normally flow and so represent sharp discontinuities in the structure for 
these modes, 

In connection with strapped resonator systems there are two further points 
which should be mentioned. The first of these is the necessity in some cases 
of shielding the straps from the interaction space. ‘The inner ring straps, 
mounted on the ends of the anode structure, present potentials to the inter- 
action space which are independent of angle. This amounts to a perturb- 
ing n = 0 like component in the field pattern which is particularly strong 
near the ends of the anode and which affects magnetron operation adversely 
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in the manner already discussed in Section 4.5 Effect of Other Components in 
the Interaction Field. It can be removed by shielding the straps as shown 
for the case of the double ring straps in the section A-A of Fig. 24 (d). The 
shields, being parts of the anode segments, maintain the proper potential 
distribution in the interaction space. The echelon straps of Fig. 24 (c), 
since they overlap, need not be shielded. 

Secondly, the location of the straps at the ends of the resonator system has 
an effect on the amount of variation of RF voltage along the length of the 
anode in the r mode. For anodes of length approaching a half wavelength 
or greater, this may become great enough to warrant attention. It is in- 
structive, in this connection, to consider the anode structure as being made 
up of two circular strip transmission lines, the straps at the ends of the 
structure, between which there are connected at intervals N “‘half-section” 
wave guides, the V resonators of the system. Since the resonant frequency 
of the system is less than that of an individual resonator, the resonators act 
as inductances connected across each set of straps and as wave guide con- 
nections between the sets of straps operating beyond cut-off, the RF voltage 
varying hyperbolically along their lengths. Since the two ends of the anode 
structure are in phase, the mode is symmetric about the median plane and 
the variation of RF voltage along the axis is expressed by the hyperbolic 
cosine. 


74 The “Rising Sun” Resonator System: The second type of magnetron 
resonator system in which the mode frequencies may be separated sufficiently 
well to allow “clean” operation in the + mode is an unstrapped structure 
involving the use of resonant cavities of two sizes so arranged that adjacent 
cavities are alternately large and small. This resonator system, called the 
“rising sun” system, accomplishes mode frequency separation by a means 
analogous to the increase in separation of the mode frequencies of a system 
of two coupled resonators achieved by relative detuning of the individual 
resonators. At the Columbia Radiation Laboratory during a series of 
experiments with asymmetries in an unstrapped resonator system, designed 
to achieve good operation in a harmonic of one of its doublet modes rather 
than in the x mode, it was observed that as the natural frequencies of the 
two sets of resonators were separated the mode frequencies diverged in two 
groups as though each group corresponded to one of the two sets of resona- 
tors and that in this configuration the 7 mode was quite well separated 
from the other modes. Thus the system appeared to be well suited for 
a mode operation, providing a means of mode separation without the use 
of straps. As such it is particularly adaptable to use in magnetrons of 
short wavelength where straps become very small and extremely difficult to 
construct. 
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A “rising sun” resonator system for N = 18 is shown in Fig. 26. The 
distribution of its mode frequencies is shown in Fig. 27, together with dis- 
tributions for unstrapped and strapped eighteen resonator systems which 
have the same 7 mode frequency. It is seen that the modes of the “rising 
sun” resonator system arrange themselves into two groups or branches. 
Since the anodes are quite “long” (approximately 3)/4) the distribution for 
the unstrapped case having uniform resonator size [curve (a)] approximates 
the distribution for an anode of infinite length. It is reversed from the 





Fig. 26.—A so-called “rising sun” type resonator system having eighteen resonators. 
The slit at the “back” of the resonator in the right foreground is to be connected to the 
output circuit (compare Fig. 30). 


unstrapped distribution of Fig. 25, curve (a), in which the end effects upon 
modes of small ” are appreciable. 

In the system of two coupled resonators, whether or not they are tuned 
individually to the same frequency, it has been seen that there are two 
mode frequencies corresponding to oscillations of the coupled system in 
which the resonators are in phase or radians out of phase. In the “rising 
sun” system one observes two groups of mode frequencies corresponding to 
oscillations of the coupled. systems of resonators in which corresponding 
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modes of the component systems, that is, modes of the same pattern period- 
icity, add in phase or 7 radians out of phase. Thus the modes of a “rising 
sun” system having eighteen resonators corresponding to n = 0, 1, 2, +++, 
8, and 9 are to be compounded of the two sets of modes for the large and 
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Fig. 27.—Plots of mode wavelength as a function of mode number for three different 
resonator systems of eighteen resonators having the same axial length and x mode wave- 
length, Curve (a) is for an unstrapped resonator system of identical resonators. Curve 
(b) is for a “heavily” strapped resonator system having identical resonators. Curve (c) is 
for a “rising sun” type resonator system having a ratio of resonator wavelengths of 1.8. 


small resonators, each set including modes of periodicities n’ = 0, 1, 2, 3, 
and 4. The two n’ = 0 modes when added in phase give the » = 0 mode 
of the whole system but when added z radians out of phase give the n = 9 
or m mode of the whole resonator system. This latter fact is perhaps made 
more clear by the observation that in the » = 9 or + mode all the large 
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resonators are in phase and = radians out of phase with all the small reso- 
nators. Similarly the x’ = 1 modes of the two component sets of reso- 
nators added in phase give the » = 1 mode, added = radians out of phase 
give then = 8 mode. The n’ = 2 modes yield the n = 2 and m = 7 modes 
of the total resonator,andsoon. Modes of the component resonator systems 
of different periodicities do not add as they are uncoupled in the same sense 
as two modes of a resonator system with resonators all of the same size. 
The curve showing the distribution in mode frequency from n = 0 ton = 4 
thus has the usual shape for increasing periodicity of the field pattern. 
The distribution in mode frequency for the remaining modes, however, is 
reversed in form and, as 7 goes from 9 down to 5, appears as a distribution 
should for which the mode periodicity increases. The two branches of the 
mode frequency distribution curve thus appear as approximate mirror 
images which are shifted relative to one another along the frequency scale 
by virtue of the difference in phase of the mutual coupling between the two 
sets of resonators. As far as frequency is concerned, the 7 mode of the 
total system has the characteristics of a mode whose field pattern is inde- 
pendent of angle, and its frequency is well separated from those of other 
modes. 

As in the case of both unstrapped and strapped symmetrical resonator 
systems, equivalent circuits have also been devised and studied for the 
“rising sun” structure. Suffice it to say here concerning them that in each 
case it has been possible to explain and predict the mode frequency behavior 
to a surprising degree of accuracy. 

Asa magnetron resonator the “rising sun” system has both advantages and 
disadvantages. Its most obvious advantages are its lack of strapping with 
consequent ease of construction for short wavelengths and the ability to 
make an anode structure of any length with no penalty in mode frequency 
separation. Although the frequency separation of the 7 mode from other 
modes is not as great as is possible in strapped magnetrons, its independence 
of anode length and the fact that it can be realized at higher values of V are 
both important for high power magnetrons. Furthermore, the “rising sun” 
structure, having no strap losses, possesses an inherently higher unloaded Q 
than strapped resonator systems. This results in an improvement in circuit 
efficiency by a factor which may be as high as 1.2 at 1.25 cm. wavelength. 

The major disadvantage of the “rising sun” resonator system is the 
presence in its + mode interaction field of a strong admixture of a com- 
ponent independent of angle. How this comes about may be seen from the 
following considerations: The + mode frequency of the composite resonator 
system lies somewhere between the free oscillation frequencies of the large 
and small resonators. When oscillating in the 7 mode, therefore, the large 
resonators are longer and the small resonators shorter than an equivalent 
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quarter wavelength. Said another way, the electrical distance from the 
back of a large resonator to its opening in the anode, across the segment face, 
and to the back of the adjacent small resonator is an electrical half wave- 
length along which the voltage and current vary approximately sinusoidally. 
For this reason the maximum in the RF voltage and the corresponding cur- 
rent node do not appear at the mouth of either cavity but at a point (M of 
Fig. 28) somewhat inside the opening of the large cavity. This means that 
the electric field across the mouth of the larger cavity is greater than that 
across the mouth of the smaller cavity. The excess, since all the large 
cavities are in phase, adds up around the anode to form an electric field 





Fig. 28.—A diagram illustrating the origin of the component independent of angle in the 
= mode interaction field of the “rising sun” resonator system. The length of the arrow 
lying parallel to and just inside the resonator wall at any point is proportional to the magni- 
tude of the RF current flowing there. The RF current node, and hence RF voltage maxi- 
mum, occurs at M, inside the mouth of the larger cavity. Note that this gives rise to 
currents flowing in the faces of the anode segments which are in the same direction around 
the interaction space and that the RF field strength across the mouth of a larger cavity is 
greater than that across the mouth of asmaller cavity. This latter is indicated schemati- 
cally by means of the dashed arrows. 


component independent of angle like the n = 0 mode field in Fig. 23. 
Further, it is seen in Fig. 28 that at any instant there are currents flowing 
across the faces of the anode segments which are all in the same direction 
around the anode. With this net circumferential current is associated the 
unidirectional RF magnetic field component parallel to the axis shown 
also in Fig. 23. 

The amount by which the two sets of mode frequencies of the “rising 
sun” structure are separated increases with increasing ratio of resonator 
sizes. Corresponding to this, the amount of 2 = 0 like component in the 
interaction field increases. 

The presence of the component independent of angle in the interaction 
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field is thus an inherent characteristic of the “rising sun” resonator system. 
One is faced with the problem of designing for sufficient mode separation 
without unduly increasing this component. How the presence of this com- 
ponent in the interaction field perturbs the electronic interaction, with the 
@ mode, resulting in a performance characteristic like that of Fig. 20, has 
already been discussed. 


8. Output Circuit AnD LoaD 


8.1 Output Circuit: In the general physical description of the centimeter 
wave magnetron whose constituent parts are shown in Fig. 1 there remains 
the discussion of the output circuit. The output circuit is the means of 
coupling the fields of the magnetron resonator to the load and as such it 
must contrive to induce a voltage across a coaxial line or a waveguide to 
which the load circuit is connected. Several types of coupling are involved 
in magnetron construction. These are illustrated schematically in Fig. 29. 
Here the resonator of the magnetron is represented by a simple L—C cir- 
cuit and any transformer action of the output circuit between the resonator 
and the load is to be accounted for by the unspecified network T. The 
scheme of Fig. 29 (a) involves magnetic coupling, that of (b), electrostatic 
coupling, those of (c) and (d), two forms of direct coupling. 

Type (a), it is clear, corresponds to the output coupling accomplished 
by a loop, like that shown in Fig. 1, feeding a coaxial line. The loop may 
be placed inside the cavity as in Fig. 1, may be placed above the resonator 
in the end space as in the case of the so-called “halo” loop, or may be placed 
with its plane parallel to the axis of the anode between the resonators in 
the end space. In each case the coupling is effected mainly by linking of 
magnetic lines of force by the loop. The coupling is not entirely magnetic, 
however. ‘There is electrostatic induction in the loop by the anode seg- 
ments near it, corresponding to coupling of type (b) of Fig. 29, and in the 
case of the third possible placement of the loop listed above, there is in- 
volved some direct coupling of the type (c) of Fig. 29 since the loop is termi- 
nated on an anode segment on which there is RF potential. 

In most cases the coaxial line must expand in dimensions from the loop 
extremity, pass through the vacuum envelope, and be provided with a 
means of coupling to the coaxial load line of the system in which the mag- 
netron is used. The output circuit from the loop to the smooth line of the 
system must provide the transformer action necessary to load the loop by 
an admittance which gives the desired Q [see equation (23)]. What this 
admittance must be is dependent, to be sure, on the size and position of 
the loop, that is, upon the degree to which it couples the magnetic lines in 
the resonator. Generally, the attempt is made to build the transformer 
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into the magnetron, preferably inside the vacuum envelope where any large 
standing waves present are less likely to cause RF voltage breakdown. 


LOAD 





(c) (d) 


Fig. 29.—Schematic circuit diagrams representing four types of output couplings 
Type (a) is magnetic coupling, (b), electrostatic, (c) and (d), two forms of direct coupling. 
The unspecified network 7 represents the output circuit between the points where it couples 
to the resonator system and the load. 
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TRANSFORMING 







MAGNETRON SECTION 
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Fig. 30.—An example of a type of waveguide output circuit. It is representative of the 
type of coupling of Fig. 29 (d). Other types of resonator systems may be used (compare 
Fig. 26), and the transforming section, for example, may be of dumbbell-shaped cross 
section rather than of rectangular cross section as shown. 


The type of magnetron output circuit represented schematically by Fig. 29 
(d) is the so-called waveguide output. Here one of the resonators is broken 
into by means of a slit as shown in Fig. 30. Attached to this slit is a trans- 
forming section which feeds directly into the load waveguide. The im- 
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pedance, R, at the resonator presented by the output circuit must be small. 
The characteristic impedance, Z), of the waveguide is large. The trans- 
former usually consists of a quarter wavelength section of characteristic 
mpedance equal to the geometric mean of R and Zo, VW RZo. The vacuum 
sea] is made by a dielectric window in the waveguide. The quarter wave 
transformer section may be a parallel plate transmission line cut in the 
resonator block or may be a waveguide line of rectangular or dumb-bell 
shaped cross section. Here again, the specific amount of its transformer 
action must be adjusted, usually by variation of the small dimension, until 
it provides the proper value of Qext . 

Another type of output circuit involves coupling a coaxial line directly 
onto the straps. This represents practically a pure case of the type of 
coupling shown in Fig. 29 (c). 


8.2 Load: The load admittance which the output line presents to the 
output circuit of the magnetron oscillator depends upon the characteristic 
admittance, Yo, of the line and upon the manner in which the line is termi- 
nated. In discussing the single resonator of the magnetron resonator sys- 
tem as a section of lossless transmission line terminated by a short circuit, 
the input admittance and its relation to the standing waves on the line were 
mentioned. Since the termination reflects all the energy incident upon it 
in the shorted line, the voltage standing wave ratio, o, defined as the ratio 
of the maximum voltage to the minimum voltage along the line, is infinite. 
The input admittance of a shorted section of length ¢ has been given in 
equation (26). ; 

In the general case in which the line is terminated by an admittance, Yr, 
not all the energy incident upon the termination is reflected, the standing 
wave, whose position is determinated by the phase of Yr, has a finite value 
of o greater than unity, and the input admittance is given by the expression 

Y,+ Yo tan = 
Y = Y, —————_,5: (29) 


Yo + jYr tan aet 


If the voltage reflection coefficient, 7, is defined as the ratio of the complex 
voltage amplitudes of the reflected and incident waves, Ax and 47, 


+ i A 
r= pe** = a 
the standing wave ratio may be written 
po lArlt 14a] 1+ 
[Ax] — |Ar| 1 =’ 
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and the input admittance, Y, expressed as 


Y=¥YF =: 
a 





* 
1i7. 
r 


Conversely: 





o—1 6 _1—-Y¥/¥o 
o+1 1+ Y/Y," 


If the line is matched, that is, terminated in its characteristic admittance, 
Yr = Yo, it is clear that the input admittance, Y, is equal to Yo, the 
voltage reflection coefficient, 7, is zero and the voltage standing wave ratio, 
a, is unity. 

These concepts are recalled here because they are used in specifying the 
magnetron load. The remaining point of interest with respect to ad- 
mittance relationships on transmission lines is the transformation of ad- 
mittance which occurs in going through a line of variable characteristics 
such as the output circuit of the magnetron. Such a section of nonuniform 
line may in general be considered as a lossless transducer, the admittance 
transformation through which is expressed as a bilinear form. In terms of 
the reflection coefficient 72 looking into the load at the output terminals of 
the transducer, the reflection coefficient 7; , looking into the transducer at 
its input terminals may be written thus: 


Bi + rs ea 
1 + Bit. ear” 
In this expression the number fy and the angles 42 and Qs; are the three 


parameters completely describing the transducer, which for lossless trans- 
ducers are real numbers. 


r= pe”* = 


(30) 


+ * 
rr, = e-7%2 


(31) 


9. EQurIvALeNT Circuit THEORY 


9.1 The Equivalent Circuit: From time to time in the discussion thus 
far, reference has been made to a lumped constant circuit or circuits 
which may be considered to be equivalent to the resonator system, output 
circuit, and load of the magnetron oscillator. One is now in a position to 
appreciate the justification for the use of such a simple, singly resonant 
circuit to represent as complex a device as the magnetron. As has been 
pointed out, this justification lies in the ability to separate the mode fre- 
quencies and to diminish sufficiently well, excitation of all modes except the 
ma mode. Further, in the discussion of the equivalent circuit shown in 
Fig. 2, it was pointed out how the output circuit and the electronics may 
be treated by circuit analysis. This particular equivalent circuit will now 
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be discussed in some detail. From an analysis of this circuit it will be ex- 
plained how the power which the magnetron delivers and the frequency at 
which it oscillates depend upon the load attached to it. 

Consider now the equivalent circuit shown in Fig. 2, or as repeated in 
Fig. 31 (a). Since the N cavities of which the magnetron resonator system 
is composed are essentially in parallel for the mode, the C of the equivalent 
circuit is V times the capacitance and the L is Nx times the inductance of a 
single cavity. G, is the shunt conductance representing the series resistance 
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Fig. 31.—A diagram showing an equivalent RF circuit for the magnetron oscillator, (a), 
and how this circuit may be reduced in two steps, (6) and (c), to a simpler form. 


in the copper walls of the resonator system, Lo , the inductance of the out- 
put loop which is coupled by the mutual inductance, M, to the lumped in- 
ductance of the equivalent resonating circuit. Z, represents the impedance 
of the load at the loop terminals. Thus it represents the load impedance 
to which the magnetron is attached, transformed through the output circuit 
to the loop terminals. 

The first step in understanding the circuit of Fig. 31 (a) is to reduce it to 
asimpler form. This is done in two steps as shown in Fig. 31. The induc- 
tances L and L,, with mutual inductance M between them, form a trans- 
former through which the impedances in the secondary circuit, jwLo and 
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Z,, are reflected into the primary circuit. It may be shown™ that the 
circuit of Fig. 31 (b) is the equivalent of that of Fig. 31 (a). The coupling 
into the primary circuit is represented by an ideal transformer connected 
across the primary inductance L to the secondary winding of which are 
connected the load impedance Z, and a reduced loop reactance 


we 
Xo = joa 4 - an 


The ideal transformer effects a voltage transformation of = 1 or an ad- 





5 : MY 3 talons 
mittance transformation of (4) :1 from its secondary to its primary 


terminals, Thus, the admittance, ¥Z ’ sresented at the primary terminals 
P a 
of the ideal transformer, is 


” MY 1 
Veeg! iBy -(*) (xtz) 
2 Bees L/\Xo+ Z. 


2 2 
= (M) vi = (4) +300 
in terms of the admittance vi at the secondary terminals. 

The equivalent circuit has now been reduced to that of Fig. 31 (c) used 
earlier in the discussion of a single resonator of the magnetron resonator 
system, Each of the quantities defined or derived for this circuit are now 
to be applied to the magnetron resonator system as a whole. These include 
the characteristic admittance of the resonator, VY, the unloaded, loaded, 
and external Qs given by the relations (21), (22) and (23), and the circuit 
efficiency, - , of equation (25). 

Looking to the left at the terminals AB into the electron stream one sees 
the electronicadmittance Y, = G,+jB,.. Thisis defined in terms of the cur- 
rent, Zz» , induced in the anode segments by the electrons moving in the 
interaction space, and the RF voltage, Vz» , appearing across the resonators, 
that is, across the terminals AB of Fig. 31 (c). Looking into the circuit 
at the terminals AB one sees the admittance Y, . 

This admittance by equations (19) and (32) is 


(32) 


Ve = Ge + j2Vo0°—" +. Vi 
@o 
(33) 





= Ge + j2¥o, 2 + (4) (Gi, + 78%). 


See Guillemin, Communications Networks, Vol. II, p. 154. 
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The condition for oscillation stated earlier requires that: 
Y.+ Y.=0, 


or: 





= ? / ateeh 
Ge + iBe + Ge + 52¥ oe -—™ + (*) (Gi +jBi) =0. (34) 


@o 


Separating real and imaginary parts, this reduces to the pair of equations: 


MY. 
G. + G, = 0, or, G+ 6. +(#) G, = 0, 


(35) 





as 2 
Be+B,=0, of, Bet 2¥oe~ — + (#) Bi, =0. 


2 
Since (*) G}, is equal to Gz, one may write the first of equations (35) in 


terms of the Qs defined by (21), (22), (23) and (24) thus: 


26-2633 Veale Jey EA 
Ge = Gr = Yoo (5+ a) $5: (36) 


9.2 The Rieke Diagram: The electronic conductance and susceptance, 
being functions of the parameters such as Ver, V, and B which govern 
the electronic behavior of the magnetron, are not known a priori except for 
the fact that they are undoubtedly slowly varying functions of frequency. 
The circuit conductance and susceptance are given by equation(33). Equa- 
tions (35) state that the circuit conductance and susceptance must be the 
negative of the electronic conductance and susceptance respectively. It is 
from these relations that the behavior of the oscillator under changes of 
load is to be inferred. 

Suppose now that one were to vary the load in such a way that only Bi 
changes, G;, remaining constant. Then, by the first of equations (35), G, 
and hence G, would not change. If, further, the frequency of oscillation 
changes such that 

2 
v4 +(#) AB, = 0, (37) 
@o L 


by equations (35) B, and hence B, remain constant as well and the electronic 
operation of the magnetron involving the RF voltage, Ver , is undisturbed. 
Since the power delivered by the magnetron is 

P= —-GWVirv = Ger, (38) 


contours of constant G7, on a plot of performance versus load, Fig. 32 (a), 
are thus contours of constant output power. Along any such constant 
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power contour the frequency of the magnetron varies linearly with Bias 
equation (37) indicates. Hence any constant frequency contour-on the 
diagram is obtainable from a neighboring contour of different frequency 
through translation in the direction of Bi, by an amount given by equation 
(37). The form of the contours of constant frequency depends upon the 
interdependence of the electronic parameters G, and B, . - The fundamental 
electronic performance as a function of load is specified by the conductance 
G, presented to the electrons at the anode slots, changes in load susceptance 
being compensated for by frequency changes and hence susceptance changes 
in the resonator. As G. is varied G,, G,, and the output power must 
vary as well. If B, is independent of these changes the constant frequency 
contours will correspond to lines of constant Bi. Actually it is found that 
B, does depend to some extent on G,, resulting in the constant frequency 
contours on the Gz, —B;, plot being approximately straight lines inclined to 
the constant B, lines at a small angle a as shown in Fig. 32 (a). 

If the Gh - ‘Bi plane is transformed to the reflection coefficient or 7 plane 
on which the load characteristic is usually plotted, contours of constant 
Gi, or power become circles tangent to the circle p = 1 at the same point. 
Constant Bi, contours form the set of circles orthogonal to these. The 
contour of constant frequency of Fig. 32 (a) transforms to a circle which 
intersects all the contours of constant power at the angle a. 

Fig. 32 (b) is thus the form of the characteristic depicting the dependence 
of magnetron performance on load, called the Rieke diagram, plotted for 
that point in the equivalent circuit where the admittance looking out into 
the load is Y, = Gi, + 7B;,. Between this point and a point in the smooth 
output line, with respect to which the load admittance is usually measured, 
there is the series reactance X, and the output circuit of the magnetron, 
forming a transducer through which the reflection coefficient defining the 
load admittance may be transformed by the expression (31). In under- 
going such a transformation the contours of constant power and frequency 
plotted on the 7 plane retain their general form although they may be ro- 
tated and expanded or contracted. Thus the general form of the Rieke 
diagram shown in Fig. 32 (b) should be the same as that experimentally 
determined and plotted on a reflection coefficient plane for a point in the 
output line. Fig. 33 is such a Rieke diagram and its resemblance to that 
of Fig. 32 (b) is apparent. 


9.3 Magnetron Circuit Parameters: The fact that the circuit theory of 
the magnetron based on the simple equivalent circuit of Fig. 31 (a) explains 
the nature of the Rieke diagram so well is ample justification for its use. 
The parameters which specify the equivalent magnetron circuit may be 
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‘determined as a function of frequency by a measurement of the impedance 
Z, looking into a non-oscillating magnetron through its output circuit and 
an independent measurement or calculation of one of the parameters such 
as C or Yo,. The impedance Z, in terms of the equivalent circuit is the 
impedance across the terminals CD in Fig. 31 (a) looking to the left with 








CONTOURS OF CONSTANT POWER OUTPUT 
—=--—-— CCNTOURS OF CONSTANT FREQUENCY 


Fig. 33.—A typical experimental Rieke diagram for magnetrons in the centimeter 
wavelength range. The p = 0.2 circle indicates a pulling figure of 0.02 f. mc/s for this 
example. Present practice is to couple long wavelength magnetrons more tightly to the 
load and short wavelength magnetrons less tightly to the load than this. The rotation of 
the diagram from the position of the contours of chart (6) of Fig. 32 is attributable to the 
transformer action between the terminals of the ideal transformer of the circuit of Fig. 31 
(b) and the point in the output line to which the experimental diagram is referred. 


the terminals AB open circuited. From the circuit of Fig. 31 (b) this is 
seen to be 


Mu’ My? 1 
Ae = jote(1 - +) = 
Lo es Ge + j2V oe ae 6?) 
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which, using equation (21), becomes 


. : MY* 1 1 = R4+5X 
Z =jXot\ > Yo 1 e-em], ic T JAe (40) 
= +727" 
Qo 
The experimental data may be given in terms of the values of R, and X. 
plotted as functions of w as shown in Fig. 34. The value of Xo is deter- 


Xc 


Ro oR Xe 





Fig. 34.—A plect of the resistive and reactive components of the impedance Z, = R. + 
X., looking into a non-oscillating magnetron through its output circuit [terminals CD of 
Fig. 31 (a)]. Note the symmetry of the reactance about the point (w. , X.) determining 
the value of X, , the loop reactance, 


mined by the fact that the reactance curve is antisymmetric about the 
point (Xo, wo). When Xp has been determined one may determine the ad- 


mittance, >; , at the terminals of the ideal transformer of Fig. 31 (b). 
Z. — jXo . 


In terms of the circuit parameters this admittance is 


1 DN? ’ LY w — wo 
sf +72 = a 
Z. — jXo (¥) Foc Qo jave( 4) tig (41) 
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2 
The conductance term, ( z) Yo.Qo, is independent of frequency and the 


susceptance term, 2)’. (7) 


these quantities are plotted from experimental data as functions of w, the 


wo — w 





varies linearly with frequency. If 


values of Qo and z) : Yo. may bedetermined. Todetermine the individual 


(LY : pi 
values of the factors in( a) Yo: for a given magnetron, it is necessary to 





M 
1 
calculate or somehow to measure a value for Yo, = /§ = wC = T° 
or) 


Wheii used with wo this yields values for L,C, and M. How this is done 
will not be explicitly discussed here.” From the values of Qo and YVo., 
values of Q;,, Qext , and n_ may be calculated for any magnetron load G, by 
the relations (21), (22), (23), and (25). There are other methods of ex- 
tracting the Q values from the experimental data than that presented above. 

When values of the circuit parameters are available one can calculate the 
values of G, and B, from which G, and B, are obtained. From the output 
power the RF voltage is then calcy'lable by equation (38), and from this 
and the electronic admittance the in-phase and quadrature components of 
the RF current may be obtained. Using the circuit efficiency, », , now de- 
termined as a function of load, one can obtain the dependence of the elec- 
tronic efficiency, 7. , as a function of load conductance from experimental 
values of the over-all efficiency, , measured along a constant frequency 
contour of a Rieke diagram (7 = n-). The plot of Fig. 19 was ob- 
tained in this way. One is now in possession of values for each of the param- 
eters upon which the electronics of the magnetron depends and may 
study the relations between them. 


94 Pulling Figure: The Rieke diagram completely specifies the 
dependence upon load of the magnetron output power and frequency of opera- 
tion, Nevertheless, it is convenient to be able to specify by a single para- 
meter the dependence of operating frequency on load changes. The pre- 
ceding discussion has shown that the changes in load conductance reflected 
into the resonant circuit of the magnetron, that is, specified at either the 
primary or secondary terminals of the ideal transformer of Fig. 31 (b), vary 
output power only. Further, if G, and B, are unrelated, load susceptance 
changes specified at the same points vary frequency only. Since G, and 
B, are in fact related, constant frequency contours on the G,—B?, lane, 
as has been seen, are inclined to constant Bi lines at the angle a. Thus 

_ changes in Bi, are more effective by the factor 1/cos a in affecting frequency 
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than equation (37) would indicate. The quantity calculated for 777 ‘a _ 7 from 
L 


equation (37) multiplied by the factor 1/cos a is a parameter which specifies 
the dependence of frequency on load. It may be specified at any value 
of load admittance Y’;, , that is, for any position on the plane. Generally, 
however, one considers the rate of change of frequency with susceptance 
at matched load, for which Y, is equal to the characteristic admittance Yo 
of the output line at the point in question. Using the parentheses ( )o to 
indicate that the quantity enclosed is measured at the match point and in- 
corporating the factor 1/cos a, one obtains from a 


(aR). o i(% ye Yo. cosa’ (42) 


), as it stands is not a convenient one to measure 





The quantity Ce AB; 
For this reason it is customary to specify the total excursion of frequency, 
Af = ~ , resulting from a standard variation in AB 1, namely, that obtained 

T 


by the total possible phase variation of a standing wave of 1.5 voltage ratio 
in the line at the point in question. This is equivalent to traversing the 
p = 0.2 circle on the reflection coefficient plane, shown on Fig. 33. It can 
be shown that such a variation of load admittance results in a variation of 
susceptance of + 0.41 times the characteristic admittance of the line, Yo, 
corresponding to a total susceptance variation of 0.82 Yo. When deter- 
mined in this way the total frequency excursion is called the pulling figure, 
PF, Hence by equation (42) 


tie apa te 1h (HY 82%) 1 








Qn 2 Qn Voe cosa 
¥y a 
be 
a ( L 1 (43) 
0.41 fo Von boa 


2 
Since Yo = (Gz)o, the quantity (¥) Yo in this expression is recognized as 


(Gi)o, the load admittance at the primary terminals of the ideal trans- 
former when the line is matched at the point in question, namely, the 
secondary terminals. Using this fact and equation (23) the pulling figure 
is seen to be: 

Gio 1 _ O41 fo 1 


PE OW Sa aac (44) 


MAGNETRON AS GENERATOR OF CENTIMETER WAVES 245 


Although this equation was derived for a specific point in the equivalent 
circuit, it is of general validity at any point in the output circuit or load 
line of the magnetron, provided the quantity (Qex:)o is properly interpreted 
as the external Q measured at match in the line at the same point. 


10. Sprcrat Topics 


10.1 Frequency Stabilization: The degree of stability of the operating 
frequency of the magnetron to load changes is specified by the external Q, as 
equation (44) irdicates. The exterral Q, by equation (23), may be increased 
either Ly decreasing the load conductance, Gi, , or by increasing the circuit 
characteristic admittance, ’o-. The first alternative may be accomplished 
by reduction of the coupling between the load and magnetron resonator sys- 
tem. Although this results in greater frequency stability, it entails a reduc- 
tion in output power. Increase of the characteristic admittance of the 
magnetron resonator system, on the other hand, increases the energy storage 
capacity as indicated by equation (20) without appreciably changing the 
output power. Frequency stability may be increased in this way either by 
redesign of the magnetron resonator system or by coupling to it a tuned 
cavity of high unloaded Q. In the latter case, the degree of stabilization, 
defined as the ratio of energy stored in the combination of magnetron reso- 
nator system and stabilizing cavity to the energy stored in the magnetron 
resonator system alone, is the factor by which the external Q is increased and 
the pulling figure decreased. In actual practice the stabilizing cavity may 
Ee ccupled into ore of the magretron resonator cavities or may be built into 
the output circuit. 


10.2 Frequency Sensitive Loads: In the preceding sections it has been 
seen how the load admittance, among other parameters, determines the 
frequency at which the magnetron oscillates. If this load admittance is 
itself a function of frequency, it may be possible for the condition of oscilla- 
tion to be satisfied at more than one frequency. This fact makes for an 
uncertainty of operation, which is to be avoided. Should the load fluctuate 
for example, as it does in many applications, the oscillation may jump dis- 
continuously from one frequency to another. If the magnetron is pulsed, 
it may in certain circumstances oscillate at different frequencies on succes- 
sive pulses. A tunable magnetron operating into a frequency sensitive load 
exhibits periodic gaps in its tuning characteristic in which the magnetron 
cannot be made to operate. 

The discussion here will be limited to the specific type of frequency sensi- 
tive load consisting of a long line-terminated in an admittance, assumed to 
be frequency insensitive, which differs from the characteristic admittance 
of the line. The input admittance of such a line is represented by a reflec- 
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tion coefficient of amplitude, p, depending only on the termination [see 
equation (30)], and of phase, ¢, depending only on the frequency, f, and the 
line length, ¢. Thus: 


drt _ Anlf 
= ip ent 





from which 


ob 


~ ant (45) 


This equation expresses the linear relation between frequency and phase for 
the load, specified by the reflection coefficient, into which the magnetron 
operates. The heavy dashed lines in Fig. 35 represent this relation for 
two particular line lengths, ¢; and f, with & very much longer than (,. 
The difference in line length, f, — 4 , corresponds to an input phase differ- 
ence of many times m radians. For the case in Fig. 35, however, this is 
chosen as an integral multiple of 7 so that the curve, plotted for the funda- 
mental period 0 to 7, will lie in the same range. 

The variation of operating frequency of the magnetron with variable 
phase of the load reflection coefficient is a periodic function whose amplitude 
increases with increasing amplitude, p, of the reflection coefficient. This 
function may be determined graphically from a Rieke diagram of the mag- 
netron, like that shown in Fig. 33, by traversing the appropriate circle 
concentric with the center of the diagram and plotting the frequency of 
operation against phase. In Fig. 35 are plotted such curves for two values 
of p corresponding to different terminations at the end of the long line. 

A more detailed analysis of the condition of oscillation shows that it is 
possible for the magnetron to oscillate stably at those intersections of the 
magnetron and load frequency characteristics at which the slope of the load 
line is greater than the slope of the magnetron characteristic. Thus, as 
indicated in Fig. 35, oscillation may occur at only one frequency for the 
line of length ¢, if p = 0.2 but at two frequencies if p = 0.5. In the latter 
case the middle intersection, indicated by an open circle, does not corre- 
spond to stable oscillation. For a line of length f , on the other hand, two 
oscillation frequencies are possible at both p = 0.2 and p = 0.5. If in 
either case the line lengths ¢, and f are increased by only an approximate 
quarter wavelength, corresponding to a phase change of 1/2 radians, the 
light dashed lines labelled and f in Fig. 35 represent the load character- 
istics, and oscillation can occur at only one frequency with p equal either 
to 0.2 or 0.5. 

If one considers the relationships depicted in Fig. 35 it becomes clear that 
there are two critical relationships between p and ¢. The first specifies the 
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values of p and ¢ which if exceeded makes oscillation possible at more than 
one frequency at all phases of the load reflection coefficient. The second 
specifies the values of p and ¢ which must not be exceeded if oscillation is 
to be possible at only one frequency for all phases of the load reflection co- 
efficient. This latter relation between p and ¢ is that for which the slope 
of the load line is equal to the slope of the magnetron characteristic at its 
point of inflection. 

From what has been said it would appear that the use of long load lines 
is to be avoided if at all possible. If the magnetron is pulsed and the line 





Fig. 35.—Plots of the frequency characteristics of a magnetron and a frequency sen- 
sitive load for two magnitudes of reflection coefficient, p, and two line lengths, ¢. The 
ordinates are frequency and the abscissas are phase angle of the reflection coefficient in the 
fundamental period 0 tox radians. Stable oscillation occurs at the intersections indicated 
by filled circles. The open circle indicates a point of unstable operation for the three 
conditions p = 0.5 and ¢ = 4, p = 0.Sand ¢ = &,andp = 0.2and¢= t, In addition, 
it indicates a point of stable operation for p = 0.2and {= %. These four points are coa- 
lesced on the figure for simplicity. The lines 4,’ and &’ indicate how stable operation at 
both p = 0.2 and 0.5 may be attained by an increase of line length of approximately a 
quarter wavelength. 


is sufficiently long, however, it is possible for the oscillation in a pulse to 
have been completed before any energy reflected from the termination has 
arrived back at the magnetron. Under these circumstances the magnetron 
operates into an effectively infinite line which presents its characteristic 
admittance to the magnetron output. For a pulse of one microsecond 
duration this would require a line length of about 150 meters. Usually such 
lengths are not possible or are undesirable by virtue of attenuation, and 
either the line is made sufficiently short or its length critically adjusted or 
the standing wave on it reduced so as to cause operation to occur at a single 
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frequency. Studies have been made of the transient conditions prevailing 
near the beginning of a pulse when, in establishing the steady state, the suc- 
cessive reflections are returning to the magnetron and, as a consequence, 
its frequency is changing. Except in a limited region on the Rieke diagram 
where operation is completely uncertain, it has been shown that the magne- 
tron will settle down to operation at one frequency dictated by the phase 
of the first reflection, even if oscillation at two frequencies by the previous 
analysis is possible. Gaps in the tuning curve of a tunable magnetron 
correspond to the periodic traversal of this uncertain region as the frequency 
is varied and the load reflection coefficient moves around a constant p circle 
on the Rieke diagram. 


10.3 Magnetron Tuning: To tune the magnetron oscillator it is necessary 
to vary a susceptance somewhere in its circuit. It has already been ob- 
served how variation of load admittance when reflected into the resonator 
system as a susceptance change results in frequency pulling. Although for 
other reasons this variation is usually Jimited by output circuit design to 
the order of 0.1% of the operating frequency, it could be increased and used 
in special instances as a means of tuning the magnetron. Similarly the 
susceptance of a stabilizing cavity coupled into the resonator system may 
be varied by tuning the cavity. This method in general enables one to 
tune over a wider range than does variation of load susceptance since the 
resonator system is usually more tightly coupled to the stabilizing cavity 
than it is to the load. 

The largest tuning ranges have been attained, however, when it has been 
arranged to vary one of the frequency determining parameters of the mag- 
netron resonator itself. Schemes have been devised which alter primarily 
either the inductance or the capacitance of the resonant cavities. Varia- 
tion of the inductance has been found more convenient at the shorter wave- 
lengths and variation of the capacitance easier at longer wavelengths. 

Variation of the inductance may be accomplished by the insertion of a 
conducting pin into each resonator where the RF magnetic lines of force 
are concentrated. Inasystem of hole and slot type resonators it is arranged 
to move the pins in and out along or near the axes of the holes. Such an 
arrangement is shown schematically in Fig. 36 (a). As the pins are inserted 
they reduce the volume available for the magnetic flux, thus reducing the 
inductance and increasing the frequency. Tuning ranges as great as +7% 
of the mean frequency have been attained by this means. In spite of the 
fact that the ratio of strap to resonator capacitance remains nearly con- 
stant, the separation of mode frequencies, as might be expected, decreases 
with increasing frequency because of the increase in strap inductance re- 
sulting from increase of its electrical length. The effect is not so large, 
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however, that with reasonable tightness of strapping difficult is encountered 
with mode frequency separation. 

Variation of the capacitance may be accomplished by moving a member 
in the vicinity of the region of large distributed capacitance of the reso- 
nators. One such tuning scheme is that shown in Fig. 36 (b) in which a 
member shaped like a “‘cookie cutter” is moved in and out of annular grooves 
in one end of the resonator block, the other end of which is usually strapped. 
As the member is inserted the mode frequencies decrease. The frequency 
range available for + mode operation is limited by the fact that the fre- 


poaa4--=3 





(a) (db) 





Fig. 36.—Schematic diagrams showing three types of tuning schemes which have been 
used in magnetron resonator systems. The views represent sections on a diametral plane 
through the anode structure. The cathode is shown in the center of each part of the 
figure. The resonators are of the hole and slot type. (a) shows the scheme involving 
variation of the inductance by means of tuning pins, (b), the scheme involving variation of 
resonator capacitance, and (c), that involving variation of strap capacitance. Each of the 
last two schemes is accomplished with a “cookie cutter’ shaped member. 


quencies of modes of smaller 7, which are normally higher than that of the 
m mode, change faster and eventually cross the mode frequency. 

To understand what determines the frequency of resonance in any mode, 
it is sufficient to consider the inductances and capacitances present in the 
average sector of the resonator system across which there is a half wavelength 
azimuthal variation of RF potential with an extremum at either end. In 
the x mode of an V = 8 resonator system, one may thus consider one eighth 
of the system, namely, a single resonator; in the 7 = 1 mode, one may con- 
sider half of the resonator system. In the case of the half wavelength 
sector for the » = 1 mode, across which the potential varies monotonically 
(see Fig. 23), the four resonators may be considered as connected essen- 


250 BELL SYSTEM TECHNICAL JOURNAL 


tially in series, making up an equivalent resonator oscillating at the » = 1 
mode frequency. If one considers further, for the sake of argument, that 
there is no coupling between resonators, all the modes would have the same 
frequency but the net inductance and capacitance of the equivalent reso- 
nator for each mode of periodicity , would be proportional to N/2n and 
2n/N, respectively. Thus for the » = 1 mode, the equivalent L is four 
times and the equivalent C is one quarter of the respective values for the 
mode. The tuner capacitance added to the equivalent resonator for the 
n = 1 mode, on the other hand, may be considered to be approximately a 
series-parallel arrangement of capacitances each of which is that between 
the tuner and one anode segment, Cr: the two parallel capacitances at the 
positive anode segments connected in series through the tuner ring with 
the two parallel capacitances at the negative anode segments, the combina- 
tion having a net capacitance Cr. For the mode, the net tuner capaci- 
tance added per half wavelength potential variation is made up of two 
capacitances each of magnitude one half of that between the tuner and one 
anode segment, connected in series through the tuner; the net tuner capaci- 
tance is thus Cr/4. 

By similar reasoning for any mode, one may conclude that the added 
tuner capacitance per half wavelength sector increases as 1 decreases, while 
the net resonator capacitance across which the tuner is shunted decreases as 
n decreases. In this way the increased effectiveness of the tuner in varying 
the mode frequencies of the low periodicity modes is accounted for. In 
actuality the resonators in the half wavelength variation of RF potential are 
not in simple series connection because of the phase relations between them; 
the approximation improves for smaller . Also because of the phase rela- 
tion between adjacent resonators, the adjacent tuner to segment capacitances 
are not charged to the same potential and so are not actually in simple 
parallel connection. Furthermore, the coupling between resonators is im- 
portant. These considerations modify the above argument somewhat but 
do not affect the conclusions reached as to the trend of tuning for the differ- 
ent modes. In all the tuning schemes described, second order effects come 
in through change in the electrical lengths of the straps and tuner as the 
frequency is varied. 

If one arranges to vary the characteristics of the straps by means of a 
movable tuning member as in the scheme of Fig. 36 (c), considerably greater 
tuning ranges may be achieved than by the means just described. In this 
instance, the straps are enlarged to channels of U-shaped cross section, 
in and out of which the tuning member of “cookie cutter” shape is driven. 
The effect of insertion of the tuning member is to increase the capacitance 
per unit length of the strap system by increasing the interstrap capacitance 
and to decrease the inductance per unit length by effectively increasing the 
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cross sectional area of the straps. The effects of these changes upon the 
mode frequencies may be seen from the considerations of the effect of straps 
on the mode frequencies of the unstrapped resonator system already dis- 
cussed. The increase in strap capacitance increases the wavelength of the 
a mode; the decrease in strap inductance decreases the wavelength of modes 
of smaller x, As the tuning member is inserted, the mode frequencies 
separate, and no limitation on the range of operation in the 7 mode is im- 
posed by interference from other modes. This means has been used for 
tuning ranges of better than +6%, but there is nothing inherent in the 
scheme to prevent its use for ranges considerably in excess of this value. 
Tuning of the magnetron resonator system by any of the means described 


above alters its characteristic admittance, Yo, = 5 , and hence the stored 


energy. For fixed output coupling and load admittance this amounts to 
a variation of the effective loading as specified by the external Q. In some 
cases, attempts have been made to compensate for this by designing into 
the output circuit a frequency characteristic which keeps the external Q, 
and hence the pulling figure, more nearly independent of frequency. 

Each of the tuning schemes described above is adaptable to precise and 
specific frequency adjustment or to frequency variation at a slow rate. For 
tuning over small ranges it is possible to vary the magnetron frequency 
electronically, enabling one to frequency modulate its output at a high rate. 
Of the schemes tried for this purpose there may be mentioned that in which 
an intensity modulated electron beam of a specific velocity is shot parallel 
to a superposed DC magnetic field through one of the magnetron resonators 
or a closely coupled auxiliary cavity. 

Concerning the variation of magnetron operating frequency will be men- 
tioned finally the shifts which are brought about by temperature variations 
of the resonator block. Since the resonator system is generally constructed 
entirely of copper, it expands or contracts uniformly with temperature and 
the frequency shifts are those attained by a uniform scaling of the resonator 
system by a very small factor. The temperature coefficient of frequency 
may readily be seen to equal the negative of the linear coefficient of thermal 
expansion of copper. 


10.4 Electronic Effects on Frequency: In Section 3.6 Induction by the 
Space Charge Cloud it has been seen that the electrons moving in the inter- 
action space of the magnetron oscillator contribute an admittance Y, con- 
nected to the resonator system. The magnitude of the negative electronic 
conductance determines the energy delivered to the circuit and thus the 
amplitude of oscillation. The electronic susceptance, arising from the phase 
relation between the space charge spokes and the maximum of the tangential 
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retarding field, affects the frequency of oscillation. Under equilibrium 
conditions the magnitude of the current, Jr , induced in the anode seg- 
ments, its phase relative to the RF voltage between the segments, and the 
operating frequency adjust themselves such that this admittance, Y, = 
Trr/Var , equals the circuit admittance Y,. The induced RF current and 
its phase relative to the RF voltage both depend upon the parameters such 
as V and B, governing the electronic operation of the magnetron. The 
frequency change at constant load arising from changes in V or B when 
divided by the change in the DC current, J, drawn by the magnetron, is 
called the frequency “pushing” and is measured in mc/s per ampere. 

A further effect of the electronic susceptance is the shift of the resonant 
frequency between the oscillating and non-oscillating conditions of the 
magnetron. In general the oscillating frequency is lower than the resonant 
frequency of the non-oscillating magnetron. Thus the electronic susceptance 
is capacitive with the space charge spokes moving somewhat ahead of the 
field maxima during oscillation. This shift in the resonant frequency is 
important in pulsed radar systems where the same antenna is used for both 
receiving and transmitting. An echo of the transmitted pulse on its return 
then encounters a high, off-resonance impedance at the magnetron which 
absorbs very little of the returned energy. Most of the received pulse 
energy is consequently made available to the receiver. For some magne- 
trons the shift off resonance is not sufficient and other means such as the 
use of the so-called ATR box are required to divert the received pulse energy 
into the receiver. 


10.5 Frequency Spectrum of a Pulsed Magnetron: Only if a generator 
operates for an infinitely long time is its output “monochromatic”, that is 
ofasingle frequency. The period of operation of a CW oscillator is generally 
long enough to make any deviations from this unobservable. 

If, however, the oscillation is modulated as in the case of pulsed magne- 
trons for which the pulse duration is of the order of one microsecond, it is 
readily detectable that the output is “polychromatic” with the energy 
distributed throughout a band of frequencies. The plot of the distribution 
in frequency of the energy generated is called the frequency spectrum. 

This state of affairs is perhaps made plausible if one considers pulsing 
the magnetron to be a very drastic means of amplitude modulating its out- 
put. Already, in connection with the case of two coupled circuits, it has 
been seen how amplitude modulation of an oscillating system in time has 
associated with it the distribution of the energy over more than one fre- 
quency. In an analogous but more complicated manner, a sinusoidal 
oscillation which is amplitude modulated by a nonsinusoidal pulse shape 
like that of Fig. 37 (a) is compounded of frequencies not now discrete but 
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distributed continuously throughout a band, Fig. 37 (a’). The energy 
distributions in time and frequency are related mathematically by the 
Fourier transform. 

The breadth of the frequency distribution is inversely proportional to 
the modulating pulse width as shown in Fig. 37. The spectrum widths of 
operating magnetrons may exceed the theoretical width by a factor of not 
more than two for reasons not altogether clear. 


10.6 Oscillation Builduf—Starting: Of importance in the design and 
operation of pulsed magnetrons are the phenomena associated with the 
buildup of oscillation when the voltage is applied. Here will be discussed 
briefly what is known about the problem, the factors upon which the rate of 
buildup of oscillation in the circuit depends, how this is related to the rate 
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ig. 37.—Plots of DC voltage pulse shapes (a), (b), and (c) and the frequency spectra 
(oh e ), and (c’) resulting from each, respectively. These are shown for the idealized 
case of perfectly rectangular voltage pulse shapes. 


of voltage buildup and to pulser characteristics, and how these factors result 
in various types of magnetron starting behavior. 

The rate of buildup of oscillation in the magnetron deeds not only 
upon the circuit characteristics but also upon the electronic behavior with 
increasing DC and RF voltages. Because of the nonlinear nature of the 
electron interaction, the amount of energy fed to the circuit per cycle is 
dependent upon the amplitude of the oscillation. Considering the condition 
for oscillation given by the first of equations (35) and expanding it to 
include during buildup a term to account for the energy being stored in the 
resonators, one may derive a simple expression for the rate of increase of RF 
voltage amplitude. The energy stored in the circuit at any instant being 
dVar 

dt * 





W= CVier , the rate at which energy is being stored is a = 2CV nr 
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This corresponds to a conductance term, G, obtained by equating ae and 
GView: 








Zghd Va A 
Ga ee dt Vrr-™ “8 
The necessary condition for oscillation during buildup is thus: 
G(Var) + G+ G = 0, (47) 
from which one obtains 
C eVar 
Ge (Var) + Gs +2 mae 0. (48) 


Since oscillation in the magnetron does in fact build up, | Ge(Ver) | must 
be greater than G, when oscillation starts. When equilibrium is reached, 
G(Ver) + G, = 0. Thus|G.(Ver) | must be a decreasing function of 
Ver crossing the value G, at the operating point. By equation (48), Ver 
thus builds up rapidly at first and then more slowly as|G.(Vrr) | ap- 
proaches G, . 

Increase in load, resulting in an increase of G,, decreases the rate of 
oscillation buildup.” The dependence on the total resonator capacitance 
indicates that for magnetrons of different sizes related by a simple scale 
factor, G, and G, under such scaling presumably remaining invariant, the 
rate of buildup decreases with increasing wavelength. Unknown in rela- 
tion (48) is, to be sure, the exact transient dependence of G, on RF and DC 
voltages, magnetic field, and interaction space geometry. It is known, 
however, that an increase of cathode diameter, although it is accompanied 
by a decrease in electronic efficiency, does reduce the difficulty with “mod- 
ing” resulting from failure to start in the mode. 

Associated with the rate of buildup of RF oscillation in determining mag- 
netron starting behavior is the rate at which the DC voltage is applied. 
From the discussion of the electronics of the magnetron it is clear that 
oscillation is not possible at all values of V but only for a limited range near 
that which provides synchronism between the electron motion and the ro- 
tating field pattern. If the pulser can apply a voltage which rises to a 
value in this region and which can remain at substantially this value regard- 
less of the current drawn, no difficulty is encountered. However, should 
the pulser regulation be such that to secure operation at a given voltage 


2 This is directly the opposite of the behavior with respect to load variations of a 
circuit being driven in such a way that a constant amount of energy is fedin per cycle, in 
which case the rate of buildup is inversely proportional to Q. 
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and current it is necessary to apply a voltage which on no load would rise 
to a value considerably higher than the operating value, the rate at which 
the voltage passes through the range of possible operating values and the 
relation of this rate to that of RF buildup are extremely important. Should 
the pulse voltage rise so rapidly as to pass through the region where oscilla- 
tion is possible before the RF oscillation can build up and cause the mag- 
netron to pass current, which by modulator regulation keeps the DC voltage 
from rising further, the magnetron fails to start. Clearly, the more rapid 
the oscillation buildup the more rapid a voltage rise is permissible. Con- 
versely, for a given rate of DC voltage rise, failure to start should appear at 
greater load and longer wavelength as relation (48) implies. Experience 
has corroborated both of these conclusions. It is also clear by equation 
(48) that the equalization of loading of the doublet modes of the same 
periodicity, which is achieved by proper location of strap asymmetries, 
equalizes their starting times and makes possible interference with + mode 
starting less likely. 

When oscillation in the + mode fails, the magnetron may fail to oscillate 
at all or may oscillate in another mode for which the operating voltage in a 
harmonic is higher than but close to that of the x mode. In this case, as 
has been seen, ry > 5 , and the Hartree line of the “second” or “primed”’ 
mode lies just above that of the mode. This case in which oscillation in 
the 7 mode is skipped for oscillation in another mode represents the most 
common type of “moding” encountered in pulsed magnetrons. If, on the 

2nf’ — Inf 
other hand, ra < v/a 
ond” mode lies just below that of the 7 mode, as in Fig. 16, the magnetron 
is observed to oscillate first in the “second” mode before oscillation at low 
currents in the + mode commences. When the mode driven during the 
interval at the top of the pulse is the + mode, oscillation in the ‘“second’’ 
mode occurs only momentarily on the rise and fall of each pulse as the vol- 
tage passes through the range of operating values for this mode. 

The starting behavior of pulsed magnetrons may be shown by the so- 
called dynamic performance chart or V-I plot on which the course in time 
of the voltage and current is shown. In Fig. 38 are shown three V-/ plots 
of this type. The initial current rise is the charging current of the cathode 
to anode capacitance. The current rise when oscillation commences is very 
rapid and is shown as a dashed line. After remaining for the major part 
of the pulse at the operating point, indicated in Fig. 38 by a large dot, the 
current and voltage fall during which they follow closely a constant B line 
of the static performance chart (see Fig. 17). 

In Fig. 38 (a) is shown the dynamic V-J plot for normal operation in the 


, and the Hartree line of the harmonic of the “sec- 
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a mode. In Fig. 38 (b) is shown a dynamic plot after the voltage control 
has been raised above the point of x mode failure. Here the magnetron 
does not oscillate at all. As seen in Fig. 38 (c), further increase of the 
voltage control of the pulser makes possible oscillation in the k = —5 
(p = —1) harmonic of the 2 = 3 mode (N = 8). In both (b) and (c) of 
Fig. 38 it is of interest to note how the magnetron tries to oscillate in the 
a mode as the voltage at the end of the pulse falls through the range of per- 
missible values. These attempts at oscillation are indicated by the mag- 
netron drawing in this region small amounts of current which vary from 


pulse to pulse. 


— VOLTAGE —> 


(b) 





— CURRENT —> 


Fig. 38.—Three so-called dynamic V-I plots or dynamic performance charts illustrating 
the mode skip phenomenon. The plotsare copies of presentations obtained with an oscillo- 
scope whose vertical deflection is proportional to De voltage and whose horizontal deflec- 
tion is proportional to DC current. On any plot the heaviness of the lines is roughly 
inversely proportional to the rate at which the coordinates are traversed, and the large dot 
at the upper extremities represents the operating point at the top of the pulse. (a) shows 
shows normal operation in the x mode. (b) shows failure to oscillate in any mode, the r 
mode being skipped. (c) shows oscillation in a harmonic of a mode of smaller . 


10.7 Magnetron Cathodes: One important component part of the magne- 
tron oscillator which to this point has not been discussed in detail, but which 
has been assumed present and operating satisfactorily, is the cathode. Its 
duty is to supply the electrons which serve as the intermediaries between the 
DC and RF fields. In terms of the usual requirements of vacuum tube 
cathodes, the number of electrons demanded of a magnetron cathode is little 
short of prodigious. Magnetron cathodes may be required to deliver current 
densities of the order of 50 amperes per square centimeter as contrasted 
with the 0.5 amperes per square centimeter emitted by oxide cathodes in 
high vacuum tubes normally. 

How oxide surfaces are capable of emitting such enormous currents is 
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not yet entirely clear. It is certain, however, that the RF oscillation in the 
magnetron is responsible for the fact that such currents may be attained. 
This is made evident experimentally by measuring the current that may be 
drawn when the magnetic field is reduced so that oscillation is impossible 
and comparing it with the current drawn during oscillation. At tempera- 
tures even in excess of the operating temperature such pulsed emission cur- 
rents of excellent magnetrons may run as low as 1% of the currents flowing 
during oscillation. Furthermore, the fields at the cathode during these 
measurements may actually exceed those present during oscillation because 
of the aksence of the dense space charge clouds in the interaction space. 

In the process of phase selection of electrons, as previously discussed, 
those electrons starting from the cathode in a phase such as to gain energy 
from the RF field are removed from the interaction space and driven into 
the cathode. They impart to the cathode the energy they have gained, 
causing secondary electrons to be emitted and the cathode temperature to 
increase. In most magnetrons the amount of this returned energy is about 
5% of the input, though in some cases it may become as high as 10%. This 
means that the average energy of back bombardment may run as high as 
75 watts per square centimeter of cathode surface. This amount of energy 
must be dissipated under equilibrium conditions by radiation and conduc- 
tion. In general, the short wavelength magnetrons are run with no heater 
power supplied to the cathode, the cathode temperature being maintained 
by back bombardment. In many cases, cathode overheating by this 
process is actually the limitation on the operating capabilities of the mag- 
netron. 

There is some experimental evidence that the large current drawn from 
the magnetron cathode is not primarily made up of secondary electrons but 
may result from an “enhanced” primary emission. This is supported by 
the fact that the secondary electrons emitted at the return to the cathode 
of the “‘out of phase” electrons are themselves, assuming negligible emission 
time, largely “‘out of phase” electrons later to return to the cathode. How- 
ever, the emission of large numbers of secondary electrons may lead to an 
“enhanced” primary emission by a process not now understood. As pos- 
sible processes may be mentioned field emission or an actual lowering of the 
cathode work function, each brought about by the fields in the cathode 
coating which result from the charge loss attendant upon the secondary 
emission. Ionic conduction or electrolytic action in the coating may also 
contribute in some manner to a lowered work function and to the “enhanced” 
emission, although such ionic processes would generally involve time in- 
tervals longer than a microsecond. The actual mechanism involved, how- 
ever, is still speculative. 

A word about the relation of magnetron scaling to magnetron cathode 
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problems will here be in order. It has been seen earlier that, in scaling all 
magnetron dimensions by a factor a, the magnetic field changes by a factor 


2 while the current and voltage remain unchanged. That this places severe 
a 


requirements on the cathode may be seen by considering the scaling of a 
10 cm. magnetron down to1cm. The operating current may be 20 amperes 
in both cases. If this corresponds to a current density of 5 amperes per 
sq. cm. at 10 cm., 500 amperes per sq.cm. will be required at 1 cm. What 
is more, the back bombardment in watts per sq. cm. is increased by a factor 
of 100. Both of these requirements are-completely unreasonable and pre- 
clude direct scaling in this instance. Consequently, an attempt is made 
in such cases to decrease the current density by increasing both the cathode 
length and diameter. Increasing the latter usually involves increasing the 
anode diameter and the number of resonators. Even so, current densities 
may exceed 50 amperes per sq. cm., as stated earlier. 

The pulsed magnetron cathode at the shorter wavelengths (less than 
10 cm.) in the centimeter band is a limiting factor in magnetron design. In 
CW magnetrons the small size of the interaction space has made the cathode 
an important and difficult design problem throughout the centimeter wave- 
length region. Considerable effort has been expended in a number of 
laboratories not only to understand the physics of the operation of the mag- 
netron cathode but to find suitable materials and constructional designs. It 
has become clear that a good magnetron cathode which will meet the special 
conditions of high current density and high voltage gradient and the con- 
siderable electron back bombardment are these: (1) sufficient primary 
emission to enable the magnetron to start and to supply a part of the re- 
quired operating current; (2) sufficient secondary emission to supply the 
remainder (it may be practically all) of the required current density through 
whatever mechanism is involved; (3) sufficient active material to permit 
satisfactory life; (4) some mechanical means of holding the active material 
on the cathode surface; (5) sufficiently low electrical resistance of the coating 
to permit large bursts of current without undue local heating andfhigh back 
bombardment without excessive coating temperature; and (6) satisfactory 
over-all heat dissipation characteristics, conductive and/or radiative, to 
keep evaporation of active material to a minimum. 

In pulsed magnetrons of wavelength 10 cm. or greater it has generally 
been possible to use plain oxide coated cathodes. Nickel base material is 
generally used and the active material is the usual double carbonate coating 
(reduced to the oxides during activation). At wavelengths of 3 cm. and 
shorter the development of satisfactory pulsed magnetrons would have 
been impossible without the development of special cathodes. In the main, 
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these have been aimed at meeting requirements (3) to (5) above. The con- 
structions have made use of wire meshes and of sintered nickel matrices both 
to reduce the coating resistance and to hold sufficient material on the cathode 
in a manner such that it may be dispensed gradually during life. 


10.8 The Magnetic Circuit: The magnetic field required for operation of 
the magnetron oscillator is generally obtained, except in laboratory experi- 
ments, by means of a permanent magnet. At long wavelengths and in 
early models at shorter wavelengths, the magnetron and permanent magnet 
are separable. Building the magnetic pole faces into the magnetron struc- 
ture itself and attaching the magnetic material to it has made possible the 
reduction of the over-all magnet gap, and hence total magnet weight, as 
well as the use of mechanically superior axial cathode mountings. The 
resulting so-called “packaged” magnetron design has been used at shorter 
wavelengths where the magnetic fields are high but need not extend over a 
large area. The total magnet weight under these conditions is much less 
than that required in a separate magnet. Needless to say, the possession of 
good permanent magnet material and the work done on magnet design have 
contributed materially to the success of the centimeter wave magnetron. 


10.9 Magnetron Measurements: The fundamental measurements made 
on the magnetron oscillator have already been discussed or alluded to where 
the performance characteristics of the magnetron and its circuit theory are 
described. Here will be described briefly the technique of measurement. 

Magnetron measurements are of two general types. One is made on the 
oscillating magnetron and the other on the non-oscillating magnetron. 
The latter may be made at any stage in the fabrication of the magnetron 
after its anode structure and output circuit are completed. Figs. 39 and 
40 illustrate schematically the apparatus employed in these tests. 

Perhaps the best way of describing the techniques of magnetron measure- 
ments is to list all of the parameters, quantities, or characteristics asso- 
ciated with such measurements and for each to give the definition, method 
of measurement or calculation, or the way it is put together from other 
data, as the case may be. In any event, the list given below permits of 
ready reference. Although the text applies directly to pulsed magnetrons 
the simplifications for CW magnetrons are obvious. 

The DC magnetic field, B, in which the magnetron operates is generally 
supplied in the laboratory by an electromagnet, the field in the gap generally 
being calibrated in terms of the current passed through the magnet coils. 

The peak DC voltage, V, applied to the magnetron cathode is measured by 
means of a peak voltmeter or by observing a known fraction of the voltage 
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pulse on the calibrated screen of an oscilloscope. In a simple but suitable 
peak voltmeter it is arranged to charge a condenser through a diode to the 
peak voltage which may then be measured with a high resistance DC 
voltmeter. 

The peak DC current, I, drawn by the magnetron is measured by passing 
the current through a known resistance, usually one or two ohms, and deter- 
mining the peak voltage developed across the resistance by means of a peak 
voltmeter or calibrated oscilloscope. 

The average DC current drawn by the magnetron is the current measured 
ona DC meter connected in one leg of the pulsing circuit, as shown in Fig. 39. 

The pulse duration, 7, as its name implies, is the length of the time during 
which the voltage, usually measured near the top of the pulse, is maintained 
across the magnetron. It may be determined from the pulse presentation 
on an oscilloscope having a calibrated sweep or it may be calculated as indi- 
cated below when other parameters are known. 

The pulse recurrence rate, pps, is the repetition frequency at which the 
voltage pulse is applied and is determined by the frequency of the calibrated 
primary oscillator driving the pulser or modulator circuit. 

The duty cycle, defined as the fraction of time the pulsed magnetron 
operates, may be determined as the ratio of average to peak DC current or 
as the product of the pulse duration and the pulse recurrence rate. 

The peak input power is the product of the peak DC voltage and the peak 
DC current. 

The average input power is the product of the peak input power and the 
duty cycle. 

The voltage and current pulse shapes as observed with oscilloscopes are of 
importance in studying the spectrum and moding characteristics of the 
magnetron under test. 

The dynamic V-I plot, or dynamic performance chart, is viewed on an 
oscilloscope in which at any instant the vertical deflection is proportional to 
peak DC voltage and the horizontal deflection proportional to peak DC 
current. Three such plots are shown on Fig. 38 and their usefulness is 
indicated in the corresponding text. 

The average output power is the average centimeter wave power delivered 
to the useful load. The simplest and most foolproof method of measuring 
this power is to absorb the energy in a column of water. From a determina- 
tion of the rate of water flow and its temperature rise the power may be 
calculated readily. The water column terminating the coaxial line or wave 
guide of the test apparatus is made reflectionless either by tapering it or 
preceding it by a quarter wavelength matching plate of proper dielectric 
constant, analogous to the optical quarter wave plate. 

The peak output power may be calculated as the average output power 
divided by the duty cycle. 
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The over-all efficiency of operation is the ratio of the peak output to peak 
input powers or the ratio of average output to average input powers. 

The frequency of oscillation of the magnetron is determined by feeding a 
small amount of the RF power into a calibrated variable frequency resonant 
cavity of high Q and by means of a detector observing the frequency at 
which the cavity absorbs or passes power. : 

The load impedance into which the magnetron operates is determined by 
measurement in the output line of the voltage standing wave and its phase 
with respect to some previously chosen reference point. This measurement 
is made with a standing wave detector in which it is arranged to move an 
electrostatic probe along a section of slotted line in which it samples the RF 
energy in the line. The energy picked up by the probe is detected after 
sufficient attenuation either by a crystal or by a small bolometer whose 
resistance is a function of the energy fed into it. The voltage standing wave 
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Fig. 40.—A schematic diagram showing the arrangement of apparatus used in making 
measurements on a non-oscillating magnetron or magnetron resonator block. 


ratio and its phase may be translated into impedance, admittance, or reflec- 
tion coefficient in the manner already discussed. ‘The magnetron load 
impedance may be varied from the match presented by the terminating 
water column by means of a line tuning section or tuner, In one such line 
tuning section, two sleeves constituting in effect quarter wavelength lines 
of low characteristic impedance may be moved relative to one another to 
vary the magnitude, and moved together to vary the phase of the standing 
wave. 

The Rieke diagram, is a plot of constant output power and frequency 
ona reflection coefficient plane. Its construction thus involves the measure- 
ment of output power, frequency, and load impedance as the line tuners 
are moved over a wide range of positions. The operating parameter main- 
tained constant is usually chosen to be the peak DC current. Such a dia- 
gram is shown in Fig. 33. 
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The pulling figure, PF, defined as the maximum frequency excursion of the 
magnetron as the load reflection coefficient traverses the p = 0.2 circle, may 
be obtained from the Rieke diagram. It may be measured directly by two 
simple wavemeter measurements taken at the frequency extrema occuring 
as the standing wave of 1.5 voltage ratio is moved up and down the line. 
Various types of standing wave introducers have been devised to produce a 
reflection coefficient of p = 0.2 for the specific measurement of pulling figure. 

The performance chart is a plot of constant magnetic field, peak output 
power and over-all efficiency contours on a V-J plane. Its construction 
thus involves the measurement of peak DC voltage, peak DC current, and 
peak output power at several magnetic fields. Sometimes frequency, push- 
ing figure, and spectrum appearance are also determined. Figs. 17 and 20 
are examples of this chart. 

The frequency spectrum is the distribution of energy with frequency for a 
pulsed magnetron and is displayed on a so-called spectrum analyzer. This 
analyzer is a very narrow band tunable radio receiver whose pass band is 
varied periodically twenty or so times per second over several mc/s. The 
response of the receiver to the frequency distribution of energy appears on 
an oscilloscope whose sweep is synchronized with the pass band frequency 
variation. 

The pushing figure is the instantaneous frequency change in mc/s per 
ampere change in peak DC current at constant load. It may be obtained 
by measuring the frequency shift on a spectrum analyzer as the pulse 
current is changed by a known amount. The current change must be 
executed rapidly enough to avoid frequency shifts arising from temperature 
changes. 

Impedance measurements on the non-oscillating magnetron involve the 
use of a variable frequency RF oscillator feeding power through an attenua- 
tor and a standing wave detector into the output circuit of the magnetron 
(see Fig. 40). These measurements determine as a function of frequency 
the impedance Z, discussed in the text. 

Mode frequencies are determined from the impedance measurements on the 
non-oscillating magnetron by noting the frequencies at which the input 
standing wave is observed to go through a minimum. They may also be 
determined by the observation of energy maxima with a pickup loop or 
probe placed in the resonator system. 

Mode identification is made by observing the periodicity of RF field in the 
interaction space of the resonator system. This is done by sampling the 
field with a rotating RF probe placed in an axial cylinder corresponding to 
the cathode as shown in Fig. 40. The probe response is detected and dis- 
played on an oscilloscope with sweep synchronized to the rotation of the 
probe. 
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DEVELOPMENTAL WORK ON THE MAGNETRON OSCILLATOR 
AT THE BELL TELEPHONE LABORATORIES, 1940-1945 


11. GENERAL REMARKS 


Ee THE first part of this paper the fundamentals of the theory of the 
magnetron oscillator have been discussed. The objective has been to 
establish for the reader a general picture of the nature of the electronic 
mechanism and of the role played by the RF circuit and load. 

In the second part of the paper is traced the research and development 
work done at the Bell Telephone Laboratories on the magnetron oscillator 
during the war years, 1940-1945. The effort was directed, for the most 
part, toward the development of magnetrons to meet definite radar needs. 

Fifteen different types or families of magnetrons were developed at the 
Bell Laboratories during the war. Included among these are some 75 
separate Western Electric Company or RMA code numbers. It has been 
found most convenient to discuss the work done on each type of magnetron 
asa unit, although, to be sure, there has been considerable interplay between 
projects. Something is said of the origin of each type, of the problems en- 
countered in its development, and of the solution of these problems, in some 
cases involving studies and experiments of general interest. Special charac- 
teristics and general performance data for each type of magnetron discussed 
are given. Included also is a general discussion of the work done on mag- 
netron cathodes, which, although carried out on specific magnetrons, has 
been of general applicability to all. 

Before proceeding with the detailed discussion, it would be well for the 
reader to recognize the general scope of the work to be described and the 
general nature of the problems encountered. The work of the Bell Labora- 
tories in the development of pulsed magnetrons for radar use has extended 
over practically the whole range of effort surveyed in the INTRODUCTION. 
Work has been done throughout the range of wavelengths from 45 cm. to 
1 cm. and on magnetrons capable of developing over one megawatt peak 
RF power. It has included work on such features as tuning, coaxial and 
wave guide outputs, several types of resonator systems and strapping 
schemes, and on the incorporation of the magnetic circuit into the magnetron 
structure in so-called ‘“‘packaged” types. 

The scope of the developments to be described may be judged from 
Figs. 41, 42, 43, and 44. That part of a magnetron oscillator which perhaps 
best gives one an idea of size and wavelength range is the resonator block. 
In Fig. 41 is shown a series of resonator blocks ranging in resonant fre- 
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Fig. 42—Four fixed frequency magnetron oscillators. They are: (1) the 3J21 magnetron 
(60 kw., 24,000 mc/s); (2) the 4J52 magnetron (100 kw., 9375 mc/s); (3) the 720A-E mag- 
netron (1000 kw., ~2800 mc/s); (4) the 4J21-30 magnetron (600 kw., ~1280 mc/s). Note 
the two types of output circuit, coaxial and waveguide; the use of packaged magnets; 
and the two types of input leads. 


quency from 700 mc/s to 24,000 mc/s.% In Fig. 42 is shown the external 
view of four magnetrons of operating frequencies distributed over the range 


23In this and other photographs of PART II either a one inch cube or a line of length 
one inch has been included for size reference. 
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Fig. 43—Four tunable magnetron oscillators. They are: (1) the 4J42 magnetron (40 
kw., 660 to 730 me/s); (2) the 4J51 magnetron (275 kw., 900 to 970 me/s); (3) the 5J26 
magnetron (600 kw., 1220 to 1350 mc/s); and the 2J51 magnetron (55 kw., 8500 to 9600, 
mc/s). 


in which work has been done. It illustrates both the coaxial and wave- 
guide types of output circuits, the use or not of attached magnets, and the 
two types of input leads and cathode supports. In Fig. 43 is shown the 
group of tunable magnetrons developed as replacements for fixed fre~ 
quency models with which they are electrically and mechanically inter- 
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changeable. Finally, in Fig. 44 are shown two magnetron oscillators, the 
720A and 725A, mounted in their magnets. By comparison with Fig. 42, 
the space and weight saved by packaging may be seen. A fair comparison 
is that between the 725A and magnet of Fig. 44 and the 4J52, number 2 
in Fig. 42, Both are 3.2 cm. models, the latter, moreover, being capable 
of generating higher power. 

The designer of a magnetron oscillator is faced with a variety of tasks. 
If the magnetron is to be used in a specific application he has at his disposal 
data concerning the’ amount of power available to drive the magnetron, 
the nature of the pulsing if such is to be used, the frequency of operation, 
mechanical features having to do with form and weight, and an idea of what 
the user hopes or expects to obtain in the way of output power, frequency 
stability, and operating efficiency. It is the problem of magnetron design 
to arrange the resonator system, output circuit, cathode, magnetic circuit, 
and mechanical features to meet these requirements if possible. 

In the design of the resonator system it must be arranged to achieve the 
proper frequency of operation, proper characteristics regarding modes, the 
proper size of interaction space, and other characteristics which have a 
bearing on the electronic operation. In special cases a tunable resonator 
system must be provided. 

In the design of the output circuit it is necessary to arrange the type of 
coupling to the resonator system, the necessary impedance transformation 
from resonator to load, the type of external coupling, a vacuum seal, and 
generally to take into account the possibility of electrical breakdown when 
the power delivered is high. 

In the design of the magnetron cathode, attention must be paid to its 
surface and how it is equipped to meet the rigorous demands made of it. 
The cathode mounting and input leads must be designed for proper geom- 
etry at the cathode ends, heat dissipation, mechanical strength, and DC 
voltage breakdown strength. 

The requirements placed on the magnetic circuit of a magnetron must be 
borne in mind throughout the design of the magnetron itself. Considerable 
effort may be expended in arranging for the magnet gap, and hence the re- 
quired magnet, to be as small as possible. In “packaged” magnetrons the 
magnet pole pieces, which are built into the magnetron structure, must be 
designed to produce a field of proper configuration and to make the neces- 
sary external magnets feasible. 

Generally, the design of the mechanical features of a device as complicated 
as the multiresonator magnetron oscillator is extremely important and must 
provide for structural strength under a variety of conditions, as well as 
cooling facilities and external protection of relatively fragile parts. 
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12. REPRODUCTION OF THE BriTISH MAGNETRON 


The problem undertaken at the Bell Telephone Laborator'es immediately 
after the visit of the British delegation in October 1940 was the reproduction 
of the 10cm, magnetron for study and for general radar use at the Bell Labo- 
ratories and the Radiation Laboratory at the Massachusetts Institute of 
Technology. ‘The data available were contained in a drawing of a magne- 
tron having six resonators and in an X-ray photograph of the magnetron 
used in the demonstration at the Whippany Laboratory, described in the 
InTropuction. The X-ray photograph, reproduced in Fig. 45, showed a 





Fig. 45—An X-ray photograph of the 10 cm. magnetron oscillator brought to America 
by a British delegation in October 1940 and copied at the Bell Laboratories. It is the 
prototype of most magnetron oscillators in the centimeter wave region developed 
in Great Britain and the United States during the war. 


resonator system having eight resonators. Since this arrangement was 
known to operate, it was adopted as the starting point for the work here. 

In its first tests at Whippany, the British magnetron was pulse operated 
at about 10 kv. and 10 amps. peak current. The pulses were of 1 micro- 
second duration and recurred 1000 times per second. The magnetic field 
required was about 1100 gauss. The magnetron was loaded with a simple 
radiating antenna of unknown load impedance. Under these conditions the 
magnetron generated RF power estimated at the time to be greater than 
10 kw. 

The eight hole and slot type resonators of the British magnetron were 
spaced around an anode of 0.8 cm. radius. The resonator system, ma- 


chined in a block of copper, was 2 cm. long. It was unstrapped, strapping 
w 
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not being known at the time, and in its general features was much like that 
shown schematically in Fig. 1. 3 

The output circuit of the British magnetron was also similar to that of 
Fig. 1. It had no particular transformer properties designed into it. The 
vacuum seal, made of copper, glass, and tungsten, was incorporated in the 
output coaxial line in very much the same manner as that shown in Figs. 60 
and 61. 

The cathode was a plain, oxide coated, nickel cylinder, 0.3 cm. in radius. 
It had nickel end disks of 0.5 cm. radius and was mounted on radial leads 
passing through glass vacuum seals like those shown in Fig. 61. The 
leads are placed diametrally across the resonator hole to minimize RF flux 
linkage to the cathode structure. Preliminary British results indicated that 
the cathode could be activated properly and would possess a reasonable life- 
time under the original operating conditions. ; 

The British magnetron had been designed for use with a magnet having 
a gap of about 1.75 in. and a pole face diameter of 1.25 in., producing a 
magnetic field of about 1500 gauss. , 

Several of the constructional features of the British magnetron were new. 
The cylindrical block of copper into which the resonator system was ma- 
chined was used as the vacuum envelope. It was closed at either end by 
copper disk cover plates. The vacuum seal was made during the pumping 
and baking process by the alloying at the baking temperature of gold rings 
between the cover plate and block. The alloying was done at high pressure 
provided by a clamp bolted across the magnetron. Although no getter 
was used, satisfactory vacuum conditions could be maintained after seal-off. 

By mid-November of 1940, a number of working reproductions of the 
British magnetron had been supplied in our Laboratories and to the Radi- 
ation Laboratory at M. I. T., and a program of study of the magnetron 
oscillator commenced. The work thus started was continued, on the one 
hand, to put the new magnetron into production, and on the other hand, 
to attempt to understand it, improve upon it, and extend its range of useful- 
ness. 


13. MAGNETRONS FOR WAVELENGTHS OF 20 To 45 CENTIMETERS 


13.1. The 700A-D Magnetrons: After the British 10 cm. magnetron 
had been successfully reproduced and an emergency program of research and 
development of multicavity magnetron oscillators commenced, the question 
immediately was asked: Can a multicavity magnetron be designed to operate 
near 40 cm. in the pulsed radar set under development in the Whippany 
radio laboratory? Clearly there now existed the possibility of much greater 
power than was possible with triodes at this wavelength with reasonable 
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life expectancy. The modulator of the radar set provided pulsed input 
power to the oscillator at about 12 kv. and up to 10 amps. peak current.” 

The performance of the 10 cm. multicavity magnetrons appeared to 
make the development of such a generator at 40 cm. feasible. A straight- 
forward enlargement of the 10 cm. magnetron by a factor of four was out 
of the question, however, as it resulted in a magnetron entirely too bulky, 
requiring a prohibitively large magnet. The development of the 700 mc/s 
magnetron oscillator thus involved departures from the British design. 
In particular it was found necessary to reduce the axial length of the reso- 
nator system to a considerably smaller fraction of a wavelength than in the 
10 cm. design. The development involved design of the interaction space 
for maximum operating efficiency, the resonator system, for which both 
eight and six resonator structures were employed, and the output circuit 
for coupling into the existing radar system. 

An early 700 mc/s multicavity magnetron design employed eight reso- 
nators of axial length less than one tenth wavelength; the 10 cm. design 
was about one fifth wavelength long. Operating models initially produced 
approximately 10 kw. of RF power near the desired frequency. It was 
found, however, that a smaller and lighter magnetron could be made to 
operate at the same voltage if the number of resonators were reduced from 
eight to six, permitting smaller anode and cathode radii [equation (16) in 
PART I]. The weight and over-all diameter was further reduced by use of 
elongated holes in the hole and slot resonators. This change resulted in the 
resonator system used in the 700A-D magnetrons (see Figs. 41 and 46). 
Each hole is made by boring two intersecting cylinders in the resonator block 
as may be seen in Fig. 46. No difficulty was encountered in achieving the 
desired frequency. The frequency differences between the four coded 
magnetrons near 700 mc/s were achieved by variation of the resonator slot 
width. 

The separation of mode frequency between the = 3 mode ( mode) and 
the nearest other mode is of the order of 3 per cent. Although this is small 
cémpared to that obtainable in strapped magnetrons, it is greater than that 
for the early unstrapped magnetrons near 10cm. This is reflected in greater 
operating efficiency. 

The cathode in the 700A-D magnetrons is supported, as in the British 
magnetron, by radial leads extending across the center of one of the hole 
and slot resonators. The cathode diameter was varied in an experiment 
designed to determine the value for maximum operating efficiency. Early 
experiments of this type involving measurements of output power and effi- 
ciency were quite crude and conclusions from their results were by no means 
as significant as those based on measurements of frequency. The primary 


2% This radar development is discussed in: W. C. Tinus and W. H. C. Higgins, “Early 
Fire Control Radar for Naval Vessels,” Bell Syst. Tech. Jour., 25, 1 (1946). 


MAGNETRON AS GENERATOR OF CENTIMETER WAVES 273 


difficulty lay not in the actual measurement of power or voltage but in the 
fact that the magnetrons were not loaded in a reproducible fashion. It was 
considerably later that load impedance measurements were made and used 
in evaluating magnetron performance. In many early studies the effect 
of load on operation was not sufficiently disentangled from the effects of 
other things. In spite of these inadequacies, however, it was generally 
possible to distinguish a good design change from a bad one, and much of 
value was gained in early work. 

The cathode diameter used in the 700A-D magnetrons is given in TABLE 
I along with other data on these and other magnetrons in the 20 to 45 cm. 





Fig. 46—An internal view of a 700A-D magnetron (40 kw., ~700 mc/s) showing the 
unstrapped resonator system of six hole and slot circuits, the cathode, the cathode end 
disks and support leads, and the output coupling loop and lead. 


wavelength range. It should be noted that the optimized ratio r./r, is 
0.300 as compared to 0.375 in the British magnetron having eight resonators. 
Plain oxide coating is used on the cathode. Life expectancy is thousands 
of hours. 

As may be seen in Fig. 46, the output coupling is accomplished by means 
of a loop in the end space of the structure. The loop is connected to an 
anode segment. It is driven by direct coupling to the anode segment and 
by coupling to the magnetic flux linking the two adjacent resonators. 
The output circuit was not designed to operate into a matched output line, 
however, and external impedance transformation must be incorporated 
into the load line. 
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In mechanical construction the 700A-D magnetrons involved techniques 
like those described above. The input and output leads included copper 
to glass to tungsten seals much like those in the reproductions of the British 
magnetron. The end covers were sealed to the resonator body by means 
of the gold ring technique employed in the British magnetron. 

The 700A-D magnetrons are limited in frequency to the four 10 mc/s 
bands between 680 and 720 mc/s, respectively. These magnetrons operate 
at 12 kv. and 8 amps. peak current input at a magnetic field of 650 gauss. 
Over-all efficiency ranges between 30 and 40%, which is better, as has been 
explained, than that attained with unstrapped 10 cm. magnetrons. Other 
data of interest are given in TaBLe I. 

One feature which is immediately apparent from the rated operating 
conditions of the 700A-D magnetrons is the fact that the ratings are not 
nearly as high as one might expect from the size of the magnetron. Back 
bombardment of the cathode at considerably greater input power could 
easily be handled. _ The difficulty lay in the fact that it was impossible to 
drive the magnetrons in the r mode to much greater currents than the rated 
currents. If the attempt is made to drive the magnetron harder it either 
refuses to oscillate at all or oscillates in another mode. This phenomenon 
has been the single deterrent in the development of higher power mag- 
netrons at wavelengths greater than 20 cm. It is now recognized as a 
starting time phenomenon having to do with the rate at which oscillation 
builds up and the rate at which pulse voltage is applied (see Section 10.6 
Oscillation Buildup—Starting). What has been done in studying the 
phenomenon and in magnetron design to circumvent it will be discussed in 
some detail in connection with the 5J26, the tunable replacement for the 
4J21-30 series. 

In quantity production the 700A-D magnetrons presented new problems, 
all of which arose because of its size. The oxide coated cathode, having a 
relatively large surface area, gave off a considerable quantity of gas during 
cathode activation. In as much as the massive copper anode could be out- 
gassed only by a long baking process at temperatures below the softening 
point of the glass parts, difficulty with magnetrons “going soft” after seal-off 
was encountered initially. 

The development of the 700A-D magnetrons was carried on simulta- 
neously with early studies at 10 cm. and with the early attempts to produce 
power at 3cm. A number of auxiliary experiments were undertaken which, 
although they were not a part of the specific magnetron development, con- 
tributed results of considerable value complementary to those obtained 
at the shorter wavelengths. In particular, these experiments had to do 
with the technique of measurement and of magnetron scaling. 
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Before the invention of straps the 700A-D magnetrons were scaled to 10 ~ 
cm. to explore the possibilities of a more efficient magnetron design at this 
wavelength. Straps were introduced before the completion of the experi- 
ment. The resultant strapped magnetron having six resonators. was very 
efficient—60 per cent—but required a high magnetic field as can be seen by. 
referring to equation (16) of PARTI. Like other magnetrons, the 700A-D 
became much more efficient when strapped. At the normal test point the” 
efficiency ranged around 50 per cent, while at higher magnetic field and volt- 
age, 75 per cent over-all efficiency was achieved. The introduction of straps 
into the manufactured design was not undertaken. ‘ 

One further experiment of interest arose during the development of the 
700A-D magnetrons from the desire to measure the gas pressure in a sealed- 
off magnetron. The non-oscillating magnetron itself was used'as anioniza- 
tion manometer. With the magnetic field set at a high value above cutoff and 
under conditions of no RF oscillation, electrons which arrive at the anode tan. _ 
do so only after having lost energy by collision with a gas molecule. -Under 
these conditions the anode current is ‘directly proportional to the pressure. 

Although by present standards the 700A-D magnetrons might appear 
somewhat crude and inadequate, they nevertheless have an important place 
in the story of wartime magnetron development. They filled an immediate 
need in the radar system for which they were designed, providing the UNS." if 
Navy with a radar set which saw service in a number of crucial engagements, 
Furthermore, the development of the 700A-D magnetrons provided in- 
valuable experience. ei 

13.2 The 728A-J Magneirons: The 728A-J magnetrons were developed 
for fire control and search radar systems to supersede those which had 
used the 700A-D magnetrons In these n w systems a magnetron gener- 
ator was to be required which could deliver 200 kw. peak output power } 
in the frequency range 920-970 mc/s (later extended to 900 mc/s). 

In an ear'y design, the resonator system had eight resonators and was \ 
strapped with wire straps in the early British configuration [see Fig. 24(a) \ 
of PART I]. The anode length was 4 cm., the same.as was used in the 700 
A-D, which on a wavelength basis was about 2/3 that used in the British 
10 cm. magnetron. The first models were designed for operation at pulse, 
voltages of about 27 kv. When, subsequently, it was decided to reduce this 
voltage, a redesign involving a reduction of size of-the interaction space: 
became necessary. Since more had been learned about the technique of 
strapping in the meantime, it was decided that straps of the double ring 
type [see Fig. 24(d) of PART I] should be used in the new design. At first, 
the straps were set on the ends of the anode structure projecting into the end 
spaces but were later recessed into channels cut into the copper resonator 
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structure for the purpose of electrostatic shielding from electrons in the 
interaction region. The frequency range required was spanned by the use 
of anode structures having three different slot widths for the primary fre- 
quency separation, small additional frequency shifts being obtained by small 
distortions of the straps. Resonant frequencies of magnetron resonator 
systems were now being determined prior to sealing for pumping by measure- 
ments like those described in PART I, during which any necessary strap 
adjustment could be made. 

The cathode was a plain, oxide coated, nickel cylinder much like that 
used in the 700A-D magnetrons. The heater inductance was considerably 
higher than that of any previous cathode assembly. It was found that 
sudden and severe transient conditions, such as those imposed by a mo- 
mentary internal arc between cathode and anode, would cause relatively 
high voltages to develop between the cathode and the open end of the heater. 
This could break down the heater insulation and cause either open or short 
circuits. This difficulty was minimized by incorporating in the driving 
equipment a condenser across the heater and an RF choke in series with 
the heater. Before final design specifications were submitted, the input 
leads and cathode structure were completely redesigned to provide greater 
rigidity and strength. To withstand violent shock and vibration, the 
structure was designed to have as high frequencies of mechanical resonance 
as possible. The structure looked much like that to be seen in the 5J23 
magnetron of Fig. 49. Direct mechanical injury to the input leads is pre- 
vented by the use of a heavy glass housing. 

The output circuit in early experimental models was a coaxial type fed by a 
loop in one of the resonators. The central conductor was a tungsten rod 
to which the glass seal was made and to which the inner conductor of the 
load coaxial was clamped. When the resonator system was redesigned for 
lower voltage, a new design of output circuit was made in which was used a 
choke or contact-free load coupling like that designed for the 720A-E. 
This removed the possibility of stress being applied to the glass of the output 
seal at either the inner or outer conductors. Except for the critical dimen- 
sions determined by frequency, the output circuit is identical to that used 
on the 5J23 shown in the photograph of the cut-away model of Fig. 49. 

In Fig. 47 is shown a schematic diagram of this type of coupling. On both 
inner and outer conductors an electrical short circuit is produced at the gap 
between magnetron and load coaxials by folded low impedance coaxial 
sections incorporated into the bodies of the conductors. In the outer con- 
ductor a half wavelength section folded once is employed. In the section 
shown at (a), the joint is made at the current node in the choke section by 
the outer of two cylinders which project from the load end of the coupler 
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into the magnetron lead. In the partial section shown at (b), this outer 
cylinder is not used and the joint occurs at the end of the section where there 
is a current antinode. In this method there exists the greater possibility 
of sparking should the coupling not be clamped tightly. A folded quarter 
wavelength section is built into the inner conductor. If the wavelength is 
short enough, as in the 5J26 and the 720A-E (see Figs. 58 and 63), this 
section need not be folded, the inner post on the magnetron center conductor 
can be eliminated and replaced by a solid center conductor on the load side. 
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Fig. 47—A schematic diagram of the type of coaxial output circuit used in a number of 
magnetrons of wavelength 10 cm. or greater. Of particular interest are the means of con- 
tact-free or “choke” coupling employed in the inner and outer conductors, consisting of a 
folded concentric line section which presents zero impedance at the gap in the conductor. 
(a) and (b) represent two variations of the “choke” in the outer conductor as explained in 
the text. 





The more recent designs of magnetrons for wavelengths greater than 10 cm. 
have some form of this coupling. 

The impedance required at the output coupling to load the 728A-J mag- 
netrons for sufficient power output necessitated a rather high standing wave 
in the output line. This standing wave was provided by a transformer built 
into the radar system to which the magnetron was attached. This caused 
no trouble since the output power was below the point where RF voltage 
breakdown in air in the line or coupling would occur. The press of time 
necessitated the adoption of this output circuit although “preplumbing” by 
incorporation inside the vacuum of the necessary transformer action for 
coupling directly to a matched load line would have been preferable. Such 
a design was executed but its completion came too late for its incorporation 
into the manufacturing specifications. 
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Ten different magnetrons, coded the 728A-J, were put into manufacture. 
These covered the frequency range from 900 to 970 mc/s, a 7 mc/s range 
being allotted to each code type. The operating characteristics of the 
final design together with other pertinent data are tabulated in Taste I. 
An external view of the magnetron is shown in Fig. 48. A maximum current 
limitation for satisfactory operation in the 7 mode was also encountered in 
this magnetron but at current values above the 20 ampere operating point 





Fig. 48—An external view of a 728A-J magnetron (275 kw., ~930 mc/s). The con- 
centric cylindrical sleeve to be seen inside the output circuit coupling, from which the mag- 
netron is supported, is a part of the “choke” (see Fig. 47). Note the heavy glass protec- 
tive housing over the input leads. 


at which the required output power was attained. Because of the shorter 
wavelength, the current limitation was not as severe as that encountered 
in the 700A-D. 

The 728A-J magnetrons were driven by a spark wheel, line type modu- 
lator. The greater tendency of the driving voltage to overshoot with this 
modulator, by virtue of the slowness of buildup of RF oscillation, was re- 
duced by the use of a series resistance and capacitance network coupled 
across the magnetron input like that used earlier with 720A-E magnetrons 
at 10 cm. 

13.3 The 523 Magnetron: The request for the Laboratories to develop 
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a semiportable radar pack set and a searchlight control radar involved the 
des'gn of a new magnetron in the frequency range 1050 to 1110 mc/s to 
operate at a maximum pulse voltage input of 25 kv. with power output 
of at least 200 kw. Since these requirements, except for frequency, were 
essentially those of the 728A-J magnetrons already under development, 
the new work closely paralleled that already in progress. 

Because of the maximum current limitation being encountered in the 
development of longer wavelength magnetrons, a relatively longer anode was 
designed for the new magnetron, coded the 5J23, thus insuring satisfactory 
operation at higher current and input power. The resonator system was 
“heavily” strapped with echelon wire straps [see Fig. 24(c) in PART I]. 
Coarse frequency variation was accomplished by the use of straps at different 
heights above the surface of the anode block. Finer frequency adjustments 
were made in “pretuning” the structure, before sealing, by small displace- 
ments of the wire straps already in position. ; 

Output circuit work on the 5J23 was done together with that on the 728 
A-J magnetrons and went through the same series of developments. The 
output circuit used in the manufacturing design is identical with that of the 
728A-J except for the dimensions critical to wavelength. 

For operational reasons, only one magnetron, the 5J23, in the frequency 
range 1074 to 1086 mc/s, was coded. Fig. 49 shows a cut-away view of its 
internal structure. Performance characteristics and other data are to be 
found in Taste I. Note that the 5J23, by virtue of its greater anode length 
and higher frequency, has a higher critical current, J. ,above which + mode 
operation fails, than do the 700A-D or 728A-J magnetrons. 

13.4 The 4J21-30 Magnetrons: When development work on the 5J23 
had just been completed, an international agreement on frequency alloca- 
tion made the frequency range of the 5J23 unavailable for radar purposes 
at some future date. Consequently the work was to be redone for opera- 
tion in the band 1220 to 1350 mc/s. The 5J23 and the equipment in 
which it was used were to continue in manufacture and be used in the 
period necessary for the development of the new equipment and magne- 
trons. In addition to the frequency change, power output demands on 
the magnetron were raised considerably, it being required that the new 
magnetrons produce at least 500 kw. output power. Although the maximum 
current limitation had seriously affected maximum output power capabilities 
of the magnetrons in this wavelength range, it appeared that the new high 
power demands were within reach by virtue of the higher frequency at which 
the new magnetrons were to operate. 

The new assignment came just upon completion of the 5J23 and made it 
necessary to build or acquire new laboratory equipment, CW oscillators, 
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wavemeters, output couplings, and loads. On the other hand, the new 
development did provide the opportunity to make use of new ideas and 
developments, some of which, although already completed, could not be 
used in magnetrons then in manufacture. 

When work on this new series of magnetrons was commenced, the art 
of magnetron development had reached the stage where for the first time 
it was possible to make a reasonably satisfactory approach to the problem 
of a new design. The principles of magnetron scaling had been worked 





Fig. 49—A sectioned 5J23 magnetron (275 kw., ~1050 mc/s) showing, among other 
things, the echelon type of wire strapping and coaxial output circuit with contact-free load 
connector. + 


out and tested in detail, enabling one to make use of results obtained or 
verified at different frequencies. The mode frequency spectrum of a 
magnetron resonator system was now understood and the means of con- 
trolling it by strapping were in use. The problem of the output circuit 
was in hand. Magnetrons were being ‘‘preplumbed” and the problems 
of reproducibility were being solved. Furthermore, the method of study- 
ing each of these magnetron characteristics by CW measurements on 
resonator blocks and output circuit models had advanced to the point where 
it was possible to complete a design in detail before an operating magnetron 
had been constructed. Such a procedure was adopted for the new series of 
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magnetrons, coded the 4J21-30, in the band 1220-1350 mc/s. A satis- 
factory resonator system giving proper operating voltage, mode frequency, 
and mode frequency separation was designed prior to and incorporated in 
the first operating model. Similarly, a satisfactory output circuit for proper 
loading over the broad band of frequencies and the design of mechanical 
features involved in the cathode, cathode mount, cooling facilities, output 
circuit, straps, and resonator system were provided. 





Fig. 50—An external view of the 4J28 magnetron (one of the 4J21-30 series, 600 kw., 
~1280 mc/s). Note the cooling fins attached to the magnetron body. 


The new interaction space and resonator system were scaled from a com- 
promise between the 728A-J and the 5J23 designs. Shielded, double ring 
straps like those of the 728A-J were adopted. Two anode structures 
differing somewhat in resonator dimensions and size of interaction space 
were used, one for the short wavelength half of the band (4J21-25), the other 
for the long wavelength half of the band (4J26-30), The different frequen- 
cies within each of these graups were attained by the use of straps of different 
widths. 

A single design of output circuit for the entire frequency range necessitated 
making the transformer properties as independent of frequency, or as broad 
band, as possible. The output circuit has three parts. At the outside of the 
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magnetron is the choke or contact free coupling to the load coaxial. The 
general type of design used in previous magnetrons was followed here. The 
transformation from the load coaxial to the coaxial which breaks into the 
resonator at the coupling loop was made by use of a tapered line in which 
the characteristic impedance was kept constant. The proper loading was 
accomplished by adjustment of the loop size. It was found possible to 
achieve a sufficiently low loaded Q in this way within the bounds of a satis- 
factory geometrical arrangement. Each of these design procedures was 





Fig. 51—An internal view of a 4J21-30 magnetron (600 kw., ~1280 mc/s). Of special 
interest are the recessed double ring straps and the output circuit in which the character- 
istic impedance of the coaxial line from loop to load is approximately constant. 


carried out by CW measurement of impedance, looking into a model through 
the output circuit. Special models of the tapered line and choke coupler 
were also studied. 

When operating magnetrons were constructed, except for minor changes, 
no redesign was necessary. The first working models performed satis- 
factorily at the required pulse voltage, current, magnetic field, power out- 
put, and pulling figure. It was possible to get more than 750 kw. output at 
better than 50 per cent efficiency from these magnetrons. 

An external view of the final design may be seen in Fig. 50 and a photo- 
graph of a cut-away model in Fig. 51. Operational and other data are given 
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in TABLE I. A typical performance chart of one of the series is shown in 
Fig. 52. The maximum current boundary limits the output to values well 
below those at which other factors, such as cathode dissipation, become 
restrictive. 
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Fig. 52—A typical performance chart of a magnetron of the 4J21-25 series (~1315 
mc/s). 


During operation in the high power, spark gap, line type modulator with 
which the magnetron was to be used, it was found that the pulse voltage 
applied to the cathode input leads was sometimes sufficient to cause flash- 
over. If the arc persisted, vacuum failure from cracking or puncturing of 
the glass resulted. The external flash-over was accompanied by internal 
arcs between cathode and anode which were injurious to the life of the 
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magnetron. To circumvent this difficulty, the input leads and their glass 
housing were redesigned. The glass of the leads was lengthened and folded 
to provide a greater surface distance over which the arc must strike. 
Although the redesign was limited somewhat by the space available in the 
transmitter unit, it was possible to make leads which could stand 60 cycle 
peak voltages of almost twice the normal pulse voltage applied to the mag- 
netron. This step all but eliminated flash-over in operation. To take 
care of the occasional flash-over, a spark gap across which the breakdown 
could occur*was added in the equipment. 

The 4J21-30 magnetrons are illustrative of carefully designed non- 
tunable magnetrons of wavelengths 20 to 30 cm. developed at the Bell 
Laboratories. They were the first magnetrons designed here completely 
on the basis of CW impedance measurements. 


14, TUNABLE MAGNETRONS FOR WAVELENGTHS OF 20 To 45 CENTIMETERS 


14.1 General: As fixed frequency magnetrons became available in the 
various frequency bands designated for radar use, the interest quite naturally 
turned to the development of tunable magnetrons. The operational rea- 
sons for this were to enable one to set the frequency of a radar system at will, 
thus avoiding interference between sets in a large group of aircraft on naval 
vessels, to enable one to vary the frequency at will from time to time or as 
the need arises to avoid jamming, and to permit the stocking of fewer mag- 
netrons to cover a given frequency band. 

Early work on tunable magnetrons at the Bell Laboratories was done 
with 10 cm. models. Although no such developments were carried to the 
stage of production, the ideas and techniques evolved were used at other 
frequencies. Somewhat later the Bell Laboratories committed itself to a 
program of development of tunable magnetrons for pulsed radar use in the 
20 to 45 cm. wavelength range. 

The program initially was not directed toward the goal of some particular 
magnetron of fixed specifications. Rather, it was the intention to explore 
the field of possible tuning methods and to find that one which appeared both 
electrically and mechanically to be best suited for large magnetrons. Work 
in this initial stage was done on anodes of the 4J21-30 series and may 
be divided into two main channels characterized by the degree of symmetry 
involved in the tuning scheme. In one, the tuning of the entire anode block 
is accomplished by modification of a single one of the resonators and may 
thus be characterized as unsymmetrical tuning. In the other, each resonator 
of the multiresonator block is tuned in a symmetrical fashion. 

Among the unsymmetrical types studied were those employing an auxiliary 
loop in one resonator connected to a reactive element which could be either a 
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coaxial line terminated in a plunger or a variable capacitance, or a coaxial 
to wave guide junction with movable plungers in the wave guide. Another 
form involved the deformation of one of the resonators itself to accommo- 
date a prism shaped tuning element which was moved from outside the 
vacuum through a diaphragm arrangement. 

Although considerable effort was expended in the study of unsymmetrical 
tuning schemes and much learned about them in the course of this work, 
they have two rather fundamental drawbacks which caused them to be 
replaced by the symmetrical types in which these defects could be elimi- 
nated. In the first place, it is difficult by this means to obtain the desired 
range of frequency change. Secondly, by virtue of asymmetry, operation 
in other modes is difficult to avoid except over rather narrow frequency 
ranges. Those types in which part of the tuning circuit is outside the 
vacuum envelope have the additional drawback of bringing high RF volt- 
ages into structures in air where very high standing waves are necessary and 
breakdown difficult to avoid. 

It was found possible to circumvent each of these difficulties by using 
symmetrical tuners. Some such tuners were like those tried on 10 cm. 
models and involved spider-like straps connecting alternate segments to two 
common points on the axis of the tube. These points in turn were con- 
nected to the center and outer conductors of a coaxial line. After passing 
through a vacuum seal, this coaxial line connected to a reactor like those 
used in the unsymmetrical schemes. 

In the general arrangement finally used, a tuning member was mounted 
in the end space. The structure included a vacuum diaphragm mounted 
in the end cover of the magnetron. The tuning was effected by variation 
of the capacitance between the resonator system and the tuning member. 

In unstrapped magnetrons, the tuning was accomplished by moving a 
tuning member of the general shape of a “cookie cutter” in a single groove 
cut into the slotted portion of the anode structure. Later, this range was 
increased by using two slots and a tuning member having two concentric 
rings. This type of tuner was used on both the 4J42 and 4J51 magnetrons 
to be discussed. It is the first of the two types of tuning by variation of 
capacitance discussed in PART I of this paper. Considerable effort was 
expended to extend the frequency range of tuning by strapping the untuned 
end of the resonator system and by variations of the resonator dimensions 
on which relative mode frequencies depend. It was found possible to obtain 
a tuning range of better than -£5 per cent, but it appears quite difficult 
to exceed this amount appreciably in high voltage magnetrons using this 
tuning means. 
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In the strap tuning scheme, use was made of straps of channel or U-shaped 
cross section, inside which the double rimrhed “cookie cutter” element is 
moved. The tuning arrangement of the 5J26 magnetron is of this type. It 
is the second of the two types of tuning by variation of capacitance dis- 
cussed in PART I. 

Quite early in this program of development it became apparent that the 
armed services would require all these tunable magnetrons to be mechanical 
and electrical replacements for existing fixed frequency magnetrons, inter- 
changeable in all respects. This requirement, in addition to the facts of 
electrical design, indicated that the “cookie cutter” type of tuner repre- 
sented the line of attack most likely to succeed. The capacitance in the 
anode structure or in the straps is the frequency determining circuit param- 
eter most easily varied, as it is the most accessible in these large size mag- 
netrons. The tuning element may be moved conveniently by a mechanism, 
compact in the axial dimension, mounted in the end space and cover of the 
magnetron. These are factors of prime importance in “unpackaged” 
magnetrons where over-all axial length is important. Magnetrons in this 
wavelength range are sufficiently large to make such a mechanical design 
feasible. 

The magnetrons of wavelength 20 to 45 cm. for which tunable replace- 
ments were designed were: the 700A-D series (680-720 mc/s), the 728A-J 
series (900-970 mc/s), and the 4J21-30 series (1220-1350 mc/s). Although 
it was preferable to span the 4J21-30 band with one tunable replacement, the 
use of two tunable replacements, each covering half the band, would have 
been satisfactory had it been necessary. In the development of each of the 
tunable replacements, improvements and modernizations which could be 
incorporated within the limitations of mechanical and electrical interchange- 
ability were made. 

14.2 The 4J42 Magnetron: The tunable replacement for the 700A-D 
series is the 4J42. It covers an increased frequency band of 660 to 730 mc/s. 
The tuning is accomplished by variation of the intersegment capacitance of 
the anode structure itself, the first of the two capacitance tuning methods 
listed above. Frequency varies nearly linearly with displacement of the 
tuning member. The tuning range, although adequate for the purposes of 
the 4J42, is limited by interference of other modes as was discussed in PART 
I. In this respect it is not a great deal better than can be attained by un- 
symmetrical means. The advantages of symmetrical capacitance tuning 
enumerated above made it the logical choice nevertheless. A satisfactory 
tuning range of the + mode without interference from other modes was 
achieved by strapping the end of the magnetron opposite that at which the 
tuning mechanism is mounted. This necessitated chahges in the resonator 
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dimensions of the 700A-D magnetrons to obtain the frequency range de- 
sired. The cathode structure was improved, making use of later develop- 
ments. Its diameter was changed from 0.8 cm. to 1.0 cm. in order to increase 
the maximum current to which operation in the + mode is possible. The 
anode diameter was retained; the operating conditions were not appreciably 
affected. It was necessary to retain the original form of output circuit. 





Fig. 53—The 4J42 tunable magnetron (40 kw., 660 to 730 mc/s)—the tunable replacement 
for the 700A-D magnetrons. The worm drive in the mounting bracket operates the 
tuning mechanism enclosed in the end cover of the magnetron. Note the improved input 
leads and protective housing (see Fig. 46). 


In Fig. 53 is shown an external view of the 4J42. In Taste I are given 
operational data and other characteristics. The performance of the 4J42 
is as good or better than that of the corresponding magnetron in the 700A-D 
series. 

14.3. The 4J51 Magnetron: The 728A-J series of fixed frequency mag- 
netrons was replaced by the 4J51, covering the frequency band of 900 to 
970 mc/s. An external view of the magnetron is shown in Fig. 54. As in 
the 4J42, the resonator system is a modification of that used in the fixed 
frequency prototype, strapped on the untuned end by double ring strapping. 
Satisfactory mode frequency separation is maintained by increasing the 
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strap capacitance of the single pair of rings to approximately twice that of 
one pair in the 728A-J. The tuning scheme is the same as that used in the 
4J42. It may be seen in the photograph of a cut-away model in Fig. 55. 
The output circuit of the 4J51 incorporated the broad band transformer 
properties developed for the output circuit of the 4J21-30 series. This 
necessitated a larger loop size in the 4J51 than was used in the 728A-J. 





lig. 54—The 4J51 tunable magnetron (275 kw., 900 to 970 mc/s)—the tunable re- 
placement for the 728A-J magnetrons. 


These features may be seen in Fig. 55. The output circuit was designed for 
coupling to a matched load line. 

TABLE I includes relevant data on the 4J51 magnetron. In Fig. 56 are 
shown power output and mode frequency tuning curves for the magnetron. 
Fig. 56 may be taken as representative of the type of tunable magnetron 
in which the intersegment capacitance of the resonator system is varied. 
The frequency range is limited by the crossing of the 7 mode frequency 
curve by those of other modes. The power output is reduced appreciably 
at the crossing point of the 2 = 3 mode component. Throughout its tuning 
range, indicated in Fig. 56, the 4J51 magnetron operates as well or better 
than its fixed frequency predecessors. 

14.4 The 5J26 Magnetron: Replacement of the 4J21-30 series of mag- 
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netrons with a tunable equivalent necessitated a tuning range which was 
found to be unattainable with the scheme used in the 4J42 and 4J51 mag- 
netrons. Two tunable replacements employing the “tuned segment” type 
of tuning, each spanning half the band, were constructed as “insurance” 
should the efforts to develop a single replacement having the required range 
fail. However, it was found that by tuning the straps as has been de- 








Fig. 55—A view of a cut-away 4J51 tunable magnetron (275 kw., 900 to 970 mc/s). 
Note the tuning member consisting of two concentric rings which are moved up and down 
in the grooves in the segments of the anode structure. The details of the tuning drive 


mechanism, including the flexible vacuum diaphragm, the axial screw, the nut and ball 


bearing, and the gear drive are to be seen. The resonator system is strapped on the end 
not seen in the figure. 


scribed in PART I a single tunable magnetron for the entire 4J21-30 series 
covering the band from 1220 to 1350 mc/s could be provided. An external 
view of the resulting magnetron, coded the 5J26, is shown in Fig. 57 and 
an internal view in Fig. 58. 

As can be seen in Fig. 58, the 5J26 magnetron includes radical departures 
in design in addition to the tuning scheme. Slot type resonators are used 
in the resonator system, and the anode and cathode diameters, as well as 
their ratio, are considerably larger than those used in previous designs for the 
same operating voltage and magnetic field. These features of the design 
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resulted from a systematic study of the causes of and possible cures for the 
maximum current limitation encountered in long wavelength magnetrons. 
The difficulty had been particularly noticeable in the 4J21-30, which on 
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Fig. 56—Typical experimental curves of power output and mode frequency variation 
with tuner position in the 4J51 magnetron. The following points of interest are to be 
noted: the relatively more rapid tuning for modes of small m than for the mode (n = 4); 
the drop in output power at the coincidence of the frequencies of the mode and one of the 
components of the » = 1 mode; the limitation on the tuning range in the + mode imposed. 
by the crossing of mode frequency curves of other modes; the fact that the m = 1, 2, and 
3 modes are doublets and the x mode a singlet. 


hard tube modulators were able to pass the required current before 7 mode 
failure with little margin. For some reason the performance of the early 
experimental models of the tunable replacement was considerably inferior 
in this respect and would not meet the specifications for which the magnetron 
was being designed. Thus a study of the phenomenon was imperative. It 
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resulted in the 5J26 magnetron. It dictated the nature of the interaction 
space and resonator system and thus the cathode size and output coupling 
loop. Initial experiments were performed with a vane type resonator 
system [see Fig. 21(b)] having channel straps and an interaction space of 
approximately the size used in the 4J21-30 series. 

From studies of dynamic V-I plots on the experimental tunable models 
and other magnetrons under a variety of operating conditions, it became 
clear that the phenomenon had to do with the rate of buildup of RF oscilla- 





Fig. 57—The 5J26 tunable magnetron (600 kw., 1220 to 1350 mc/s)—the tunable re- 
placement for the 4J21-30 magnetrons. : 


tion in the x mode and with the rate of rise of the applied DC voltage. The 
“mode skip” shown in the sequence of V-I plots of Fig. 38 and discussed in 
PART I is an example of the behavior of one of the experimental models 
used in this work when failure to oscillate in the x mode occurs. 

Thus at constant magnetic field there appears to be a maximum DC volt- 
age above which 7 mode oscillation is impossible. This voltage is presum- 
ably that beyond which the mean angular velocity of the electrons around 
the interaction space becomes enough greater than that of the traveling field 
component for the phase focusing to fail to maintain synchronism. The 
term “maximum current limitation” is thus in a sense a misnomer as Fig. 
38(b) indicates. Here, x mode oscillation fails even to start and does not 
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failat a maximum current on each pulse. The point at which mode oscilla- 
tion fails thus has to do with the relation of the rate of rise of DC voltage 
through the range of permissible values to the rate of buildup of RF oscilla- 
tion. As one attempts to drive the magnetron harder by applying greater 
peak voltages to it, the rate of voltage rise in this region becomes greater, 
finally exceeding that which the rate of RF voltage buildup will permit. 











see aed 5 a Rs ee ‘“ 


Fig. 58—A view of a sectioned 5J26 tunable magnetron (600 kw., 1220 to 1350 mc/s). 
Note that the tuning member, consisting of two concentric rings, is moved up and down 
inside the two recessed channel straps by a mechanism like that in the 4J51 magnetron 
(see Fig. 55). Compare the interaction space geometry and shape of resonators with those 
of the fixed frequency 4J21-30 magnetrons (Fig. 51), the changes having been made to 
achieve better starting characteristics as explained in the text. Note also the enlargement 
of the output resonator to accommodate the coupling loop, the RF chokes incorporated in 
he cutnade support leads, and the large input lead construction to prevent external 
lashover. 


The phenomenon of + mode failure was studied as a function of five 
parameters: 
1. magnetic field, B; 
2. frequency, f; 


: si 
3. ratio of cathode to anode radii, — ; 
To 
4. load conductance, G; ; 
7 


rate of DC voltage rise, a : 


on 
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The results were found to fit well into the picture of starting time behavior 
discussed in PART I. Thus, increase of frequency and decrease of load 
both result in a greater rate of RF voltage buildup and permit a greaterrate 
of rise of DC voltage through the range where oscillation starts. The mag- 
netron may thus be driven harder and more current passed. In agreement 
with these results, changes in the rate of voltage rise applied by the pulser, 
accomplished by ‘changing its characteristics, also permitted oscillation to 
continue to higher current and voltage values. The dependence on B and 
r-/Ya presumably are to be accounted for by the dependence of G.(Var) on 
these quantities. It appears that G.(Var) increases with both Band r./ra. 

Empirical relations of the critical current, Ic , and the electronic efficiency, 
Ne, at which + mode failure occurs, to the load conductance, G, , were ob- 
tained.® Whereas J, decreases with increasing Gs , - decreases. 

Since the work was done at different frequencies and interaction space 
geometries, it was found convenient and instructive to express voltages, 
currents, and conductances as reduced variables of the type introduced by 
Slater, that is, as ratios to the voltage, V., and current, T, , at the intersection 


of the Hartree line and the cutoff parabola, and the conductance, Gp = z 
0 


respectively. I, and V. may be determined from the expressions for the 
cut-off parabola and the Hartree line [expressions (8) and (16) of PART I, 
respectively]. Plotted in terms of the reduced variables I,/I, and Gs/Go , 
it was found that the data relating I./I, to Gs/G. and 7 to Gs/Go pre- 
dicted approximately the same relationship independent of frequency and 
r,/t,. Thus, quite independent of the fundamental significance of these 
particular reduced variables to the functional dependence of the quantities 
involved, it appeared that they would be useful in the design of a new 
magnetron whose design parameters would lie in or near the range for which 
data were available. 

The purpose of the work was to produce a tunable magnetron which 
would operate satisfactorily to currents in excess of those needed to meet 
the power output specifications. It was hoped to do this by redesign of the 
magnetron itself. This course rejected as unsatisfactory the alternative of 
limiting the rate of voltage rise on each equipment with which the mag- 
netron would be used. The general goal of the proposed changes in mag- 
netron design were to increase the rate of buildup of RF oscillation while 
at the same time keeping the electronic efficiency at a reasonably high value. 
These goals are not independent but oppose one another as has been seen. 
Thus, if 7./ra is increased, J. increases, but 7. decreases. Tf G, is increased 
to increase 7., Ie drops. The hope of success in the venture lay in the prob- 

+ G, was determined from the relation G, = 22° =" [see equation (36) of PART 

QO. «0, 


I], using a calculated value for the total resonator inductance and the measured value of 
the loaded Q. 
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ability that these effects do not exactly cancel one another and that a net 
improvement in performance could be effected. 

The design of the 5J26 was accomplished in the following way: The slot 
type resonator was chosen as it possesses a low value of inductance needed 
to give a high value of G, for a given value of loaded Q.%* The number of 
resonators was chosen to be eight, the anode length of the 4J21-30 retained, 
and the design carried out at Q, = 150 and f = 1220 mc/s. The empirical 
relations used were that relating I./I, to G,/Go, that relating n. to Gs/Go , 
and the equation of a constant B line on the performance chart obtained for 
the 4J21-30. In addition to the definitions of G, , Vo, Zo , and Go, there were 
to be met the operating conditions of V = 27 kv., J = 46 amps., and B = 
1400 gauss, as well as a maximum value for the over-all diameter of the 
resonator system dictated by interchangeability. The value of resonator 
inductance was calculated for a terminated parallel plate line. With the 
choice of J, = 60 amps., the above mentioned conditions could be solved 
numerically to give a definite set of design parameters. The anode and 
cathode radii, resonator length, and thus unstrapped wavelength were 
determined. The straps were designed to achieve the proper frequency 
and to provide sufficient tuning range with the tuning means employed. The 
ratio 7./ra was determined as 0.546, considerably in excess of the value 
0.375 in the 4J21-30 magnetrons. 

The output circuit of the 5J26 magnetron was similar to that used in the 
other tunable magnetrons of long wavelength. It employed the broad band 
design of external coupling and transition section to the coupling loop. The 
size of the loop was dictated by the coupling required to provide a Qz of 
approximately 150. It may be seen in Fig. 58. 

The input leads of the 5J26 magnetron were of new design, incorporating 
chokes in the leads to prevent leakage of RF energy picked up on the cath- 
ode, and large size center conductor to minimize RF voltage breakdown on 
the input leads. 

The significant design and operating data for the 5J26 magnetron are 
included in Taste I. This magnetron design provided a single tunable 
replacement of superior performance for the entire 4J21-30 series. In Fig. 
59 are shown curves of mode frequency tuning throughout the 7 mode tuning 
range, indicating that in the strap tuning method difficulties with mode 
frequency interference are avoided. 


15. MAGNETRONS FOR WAVELENGTHS NEAR 10 CENTIMETERS— 
UNDER 200 Kimowatrts 


15.1. The 706A-C and 714A Magnetrons: The work in the wavelength 
region near 10 cm., described in Section 12, was continued in the study 
of variations from the British design. For the most part these early studies 
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had to do with the electron interaction space and the resonator system. 
Later, when driving equipment became available, life studies were started. 
In the main this work showed the British design to be a very nearly opti- 
mum as an unstrapped magnetron. Consequently the series of magnetrons 


FREQUENCY IN MEGACYCLES PER SECOND 














TUNER POSITION IN MM. 
(MEASURED FROM MAXIMUM INTRUSION) 


Fig. 59—Curves of mode frequency variation with tuner position in the 5J26 mag- 
netron. The curve form = 4is experimental, those for m = 1,2, and 3 have been calculated 
from an equivalent circuit theory of the resonator system (doublet structure not shown). 
Note the large mode frequency separation and the complete freedom of the x mode from 
interference by other modes (compare Fig. 56). 


having wavelengths near 10 cm. which were coded for American manufac- 
ture were similar to the British prototype. The experiments and calcula- 
tions which had been made constituted a body of valuable information to 
be used later in departing from the original design. 
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The variations in the resonator system of the British magnetron were 
made primarily for the purpose of studying the parameters affecting fre- 
quency of operation. Magnetrons were built incorporating such variations 
as dimensional changes in the hole and slot resonators; the use of other 
forms of resonators such as slot resonators; and variations of factors affecting 
the coupling between adjacent resonators, as, for example, the volume of the 
end space region between the ends of the resonator system and the end covers 
of the magnetron. A series of magnetrons was built having from four to ten 
resonators, including odd numbers, but the majority of the experimentation 
was done with eight resonators as in the original system. 

Besides affecting frequency, most of these resonator changes markedly 
affected the electronic operation as well. Undoubtedly this was the result 
of changes occurring in the mode frequency distribution. At the time, the 
significance of this distribution to magnetron operation was not fully appre- 
ciated nor, indeed, was it known for these magnetrons. As discussed in 
PART I in connection with curve (a) of Fig. 25, it was later found that the 
frequencies of several modes including the + mode were very nearly equal, 
making the electronic operation quite sensitive to the exact nature of the 
frequency distribution. This made the experiments difficult to interpret. 
None of the resonator systems, involving only changes in anode length and 
diameter with corresponding changes in the cathode, appeared to be appre- 
ciably better than that in the British magnetron. 

In one rather important experiment the cathode diameter, and thus f¢/7a , 
was varied to determine the value for optimum efficiency using the British 
anode dimensions. The result, confirmed later by comparison with British 
work, showed the original dimensions to be very nearly optimum. 

Some variations of the output coupling to the resonator system were also 
tried. In one such variation the coupling loop was placed in the end space 
of the magnetron between two resonators. In this position the loop was 
coupled magnetically by the flux linking the two adjacent resonators, as well 
as directly by virtue of the fact that the end of the loop is fastened to the 
anode segment (see the discussion of output coupling in PART I). It will 
be recognized that this type of coupling is that used later in the 700A-D 
magnetrons. The output circuits in the first American 10 cm. magnetrons 
were like those in the British design. 

The constructional techniques used in the British magnetron were fol- 
lowed with some variations. The most bothersome technique was that of 
making the vacuum seals between the end covers and the body of the 
magnetron. ‘This was done by means.of tin plated gold ring seals between 
the members. Little difficulty was encountered with this seal in produc- 
tion, however, and it was used throughout the production at the Western 
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Electric Co. of 10 cm. magnetrons under 200 kw. output power. 

The first unstrapped magnetrons coded for manufacture by the Western 
Electric Co. were the 706A-C for frequencies near 3060 mc/s (9.8 cm.). 
The frequency differences were achieved by small changes in the resonator 
slot widths. Another magnetron, the 714A, oscillating at 3300 mc/s (9.1 
cm.) was also coded at this time. It differed from the others in having 
slightly smaller resonator holes. These magnetrons were used in some of the 
earliest American ship and airborne radar systems. A set of typical operat- 
ing data is included in Taste II. 

The improvement in measured over-all efficiency to approximately 25 
per cent was undoubtedly the result of improvements in the technique of 
operation and of measuring the output power. Unlike the measurement of 
frequency, for which good techniques were already available, the measure- 
ment of output power initially was crude and unreliable. At first, esti- 
mates of power were based on the heating of resistors to incandescence, with 
no assurance that all the power was being dissipated in this load. The 
production of corona has always been spectacular evidence of RF power. 
Later, when water load techniques were used, all the power could be ab- 
sorbed and measured. Means of line tuning permitted the adjustment of 
the magnetron load impedance to the point of maximum output power even 
though the impedance itself was unknown. 

Some preliminary studies of magnetron tuning were made as auxiliary 
experiments. With one or more extra coupling loops terminated externally 
in adjustable coaxial tuners, tuning ranges of 2 to 4 per cent were achieved. 

15.2 The 706AV-GY, 71I4AY, and 718AY-EY Magnetrons: A signifi- 
cant improvement in the multiresonator magnetron was the method of 
strapping, used by the British as a means of achieving mode frequency 
separation (see discussion in PART I). When used in the resonator system 
of the 706A-C magnetrons, the early British “mode locking straps’ in- 
creased the x mode wavelength from 9.8 cm. to 10.7 cm. and resulted in an 
increase in operating efficiency by about a factor of two with much more 
freedom from “moding” difficulties. Here was a really worthwhile advance 
and no time was lost in making use of it. The resultant strapped magnetron, 
oscillating at 10.7 cm. wavelength, was used directly as the basis for a new 
family of magnetrons of wavelength near this value. These were coded as 
the 718AY-EY series. The cathode, output circuit, and general mechan- 
ical features of the 706A-C were adopted essentially without change. Ex- 
periments like those done on the original British design, when repeated on 
strapped magnetrons, indicated the design parameters still to be close to 
optimum. The cathodes used were plain, oxide coated, nickel cylinders, 
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No particular precautions were taken to protect the active coating. Even 
so, lives both in the laboratory and in the field were shown to be well over 
2000 hours. Much later, the mechanical structure of the cathode and its 
support was improved and a heavy glass protective housing designed to 
cover the input leads. The performance chart of Fig. 17 in PART I is that 
of one of the 718AY-EY series. Other data concerning these magnetrons 
are given in TaBLe II. 

Quite early in the study of the multicavity magnetron it had been realized 
that the mode frequency distribution of the resonator system is very im- 
portant to efficient operation. Evidence had accumulated which indicated 
that something needed to be done to suppress all but one mode of oscillation. 
Attempts at influencing mode frequency separation were made in which 
fluxbarriers or partitions, either complete or partial, were used in the end 
spaces of the resonator system. These included what was essentially the 
distortion of the structure into the form of the so-called “‘serpentine” men- 
tioned in PART I. Although striking changes in operation were produced, 
supporting the basic contention that there are more ways of doing athing 
wrong than right, worthwhile improvements were not achieved. 

Following the confirmation, here and elsewhere, of the British results 
with strapping and the coding of the series of 718AY-EY magnetrons, 
intensive work was started in the general investigation of the modes of the 
magnetron resonator system and their relation to the various possible 
methods for strapping. This work involved the determination of the mode 
patterns for mode identification, the technique for which was consequently 
developed. Various strapping schemes were devised, built into magnetron 
resonator systems, and studied. Among these were the echelon strapping 
also used by the British, single and double ring strapped systems, and 
diametral straps which were adaptable to external tuning of the magnetron. 
The importance of strap shielding and strap assymmetries discussed earlier 
were brought out in these studies. The effects of end space volume and 
anode length on mode frequency distribution for given strapping systems 
were also studied. 

Strapping made possible greater tuning ranges with tunable magnetrons. 
Efficient magnetrons having broken echelon strapping on one end and | 
diametral straps on the other, connected through a glass seal to an external 
coaxial tuner were built. Tuning ranges of over +5 per cent were achieved 
in this way. There was no demand at the time for tunable magnetrons. 

Following the introduction of the 718AY-EY magnetrons, their properties 
were reproduced at an extended range near the wavelengths of the 706A-C 
and at the wavelength of the 714A. The designs for these were arrived 
at by scaling the 718AY-EY to the appropriate wavelengths. The principles 
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of scaling discussed in PART I had been studied in connection with the 
extension of magnetron frequencies into the 20 to 45 cm. and 3 cm. wave- 
length ranges and were fairly well understood by this time. These new 
strapped magnetrons were coded as the 706AY-GY and the 714AY. The 
frequency variation over the 706AY-GY band was accomplished by varia- 
tion of the resonator slot width. The characteristics of these magnetrons, 
apart from frequency, are essentially the same as those of the 718AY-EY 
series (see Taste II). External and internal views of the 706AY-GY type 
are shown in Figs. 60 and 61. The strapping scheme to be seen in Fig. 61 
is the early British system depicted schematically in Fig. 24(a). 





Fig. 60—An external view of a 706AY-GY magnetron (150 kw., ~3000 me/s). 


The means of fabricating the anode block in manufacture is also of interest. 
This had to be inexpensive and fast. As worked out by Western Electric 
engineers, it consisted of boring the interaction space hole first and turning 
the end spaces into the solid copper block. This was followed by two opera- 
tions in a multiple spindle drill press in which the eight resonator holes are 
drilled to size. Following this, a broach consisting of eight tapered series of 
projecting cutting edges, spaced equally around the main shaft, was drawn 
through the interaction space hole, cutting the eight slots to size in a single 
operation. 

Although more powerful magnetrons were subsequently developed, these 
10 cm. magnetrons of power output below 200 kw. are still considered to be 
highly satisfactory designs. * Together with similar designs in Great Britain, 
they have been produced by several manufacturers in large quantity and 
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have seen extensive use in many forms of pulsed radar systems. They have 
also served as the basis for much of the subsequent magnetron design work, 


16. MAGNETRONS FOR WAVELENGTH NEAR 10 CENTIMETERS— 
200 Krtowatts To 1 MEGAWATT 


16.1 The 720A-E Magnetrons: A natural outgrowth of the early mag- 
netron experimentation was the effort to generate higher power. Since the 
earliest magnetrons were unstrapped' there was much to be hoped for in 





Fig .61—An internal view of a 706AY-GY magnetron (150 kw., ~3000 mc/s). Note 
the type of wire strapping [compare Fig. 24(a)] and the simple coaxial output circuit. 


improved efficiency. Higher power magnetrons would have to be designed 
to operate at voltages above 20 kv. and currents of greater than 50 amps. 
To accomplish these objectives, the interaction space was enlarged, in some 
designs involving a greater number of resonators, and the anode length 
increased by two or even three times. Although it was possible to develop 
over 200 kw. with magnetrons of eight, ten, and twelve resonators, efficiencies 
were poor, seldom exceeding 20 per cent at maximum loading. This was 
even poorer than unstrapped 10 cm. magnetrons like the 706A-C. The 
reduction in mode frequency separation attendant upon increases in anode 
length and number of resonators was later found to be the cause. ‘ 

Following their first use in the 718AY-EY magnetrons, straps were in- 
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corporated in the high power designs with immediate improvement in 
performance. The output circuits used were simple loop to coaxial lead 
combinations like those in use on the 706A-C. 

Radar needs for higher power near 10 cm. had developed to the point of 
a specific requirement for a magnetron of not less than 350 kw. output. 
Since it was believed that the best one could obtain from the 718AY-EY was 
250 kw. even at the risk of shortened cathode life, the requirement made 
necessary a new design. In the work on higher power magnetrons, better 
than 300 kw. had been obtained at efficiencies greater than 50 per cent at 
maximum loading. with what was essentially a double length 718AY-EY 





Fig. 62—An external view of a 720A-E magnetron (1000 kw., ~2800 mc/s). 


type. Thus it appeared that the new power requirement could be met with 
such a design. The press of time made it necessary to concentrate further 
efforts on improving this design, with not much if any, time to be devoted 
to further experimentation along other lines. The chief drawback of the 
double length magnetron was the large magnet it required. Several months 
later an equally efficient magnetron, shorter, and having a larger number of 
circuit elements might have been produced, but the original program had 
advanced beyond the stage at which it could be changed. The improve- 
ments in design of the double length 718AY-EY type magnetron resulted 
in the 720A-E series. 

An external view of the 720A-E magnetron is shown in Fig. 62. A cut- 
away model is shown in Fig. 63 in which may be seen the nature of the 
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resonator system, straps, cathode, and output circuit. In TaBLe II are 
given dimensions and other data concerning these magnetrons. 

The resonator system has eight hole and slot type cavities. Its anode 
length is 4 cm., double that of the 706AY-GY. It is strapped with double 
ring shielded straps of special design which could be stamped out of sheet 
copper and oven brazed in position in a wide ledge trepanned around the 
interaction space into the ends of the anode block. These straps were 
easier to control in dimensions than the echelon straps, used in early experi- 
mental models, which had made necessary the development of a pretuning 





Fig. 63—A view of a cut-away 720A-E magnetron (1000 kw., ~2800 mc/s) showing the 
large cathode end disks and the impedance transformer sections in the output circuit. 


technique. The large number of wire straps used had made it impossible 
to predict from visual inspection that a given anode would eventually oscil- 
late at a specified wavelength. The straps were adjusted manually to bring 
the frequency of resonance determined before sealing and pumping into the 
required range. These heavily strapped models operated at efficiencies up 
to 65 per cent, but their initial operating wavelengths were near 13 cm. 
The high operating efficiency was achieved at the required wavelength by 
scaling the structure. ‘The increase in magnetic field required by the scaling 
was achieved without increase in magnet size by incorporation of steel disks 
in the end covers of the magnetron. The new stamped straps required 
considerably less manipulation during pretuning than the echelon straps. 
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The five wavelength groups of the 720A-E employ straps of different 
height. 

The cathode was similar to that of the 706AY-GY but longer and with 
different end disk design. The surface was a plain oxide coating on the 
nickel cylinder base. Adequate life under the most stringent of its operating 
conditions was obtained (see TABLE II). The radical departure in cathode 
end disk design was necessitated by the pickup of RF energy by the cathode. 
This was aggravated by the length of the cathode. An end disk of con- 
ventional size, being closer to the inner strap than to the outer strap, is more 
influenced by its potential. Since the inner straps are 7 radians out of 
phase and the cathode approximately a half wavelength long, conditions 
were quite right for considerable induction of RF potential on the cathode. 
Considerable RF power was radiated by the cathode leads. Measurements 
on a non-oscillating magnetron indicated that cathode pickup could be 
neutralized very nearly by increasing the end disk diameter. If the end 
disk completely covered both straps, the charge induced on it by one strap 
was essentially balanced by that induced by the other strap. The 720A-E 
with large cathode end disks radiates very little RF energy from its cathode 
leads. . 

The greater power which the 720A-E produced made it necessary to re- 
design the output circuit to include the transformer inside the vacuum. 
Voltages in the external transformer had been sufficiently high to break down 
the line. The redesign was carried out empirically by a substitution method. 
A replica of the output circuit was constructed and terminated in the im- 
pedance required to load the magnetron properly. In this replica the loop 
was replaced by a coaxial line and standing wave detector through which 
CW power was fed. In this way one could determine the impedance at the 
loop terminals necessary for proper loading. Then with a specially con- 
structed output circuit, in which the dimensions between the glass seal and 
the loop terminals could be varied, the dimensional changes necessary to 
achieve the required impedance at the loop with match in the output load 
coaxial was determined. The dimensions determined in this way provided 
the final design. The 720A-E was one of the early “preplumbed” 
magnetrons. 

A coaxial lead coupling using chokes instead of contacts was developed 
for the output circuit and used not only at 10 cm. but on all the later mag- 
netrons of longer wavelength as has been described. The centrifugal glass 
seal at the outer conductor is to be noted (see Fig. 63). The original tung- 
sten center conductor to which an external “thimble” was soldered (similar 
to that in the 5J23, see Fig. 49) was replaced by a Kovar cup to which the 
glass was sealed directly. Greater strength, better cooling, and elimination 
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of the high voltage gradient in air which had existed at the small diameter 
tungsten rod resulted. 

In Fig. 64 is shown a typical performance chart for the 720A-E series. 
Other performance data are given in TaBre II. In Fig. 44 is shown one of 
the 720A-E magnetrons mounted in its magnet. 
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Fig. 64—A typical performance chart of the 720A-E magnetrons (~2800 mc/s). 


In the use of the 720A-E on line type modulators the difficulty with what 
was then called voltage “overshoot” was first encountered. It is the result 
of the finite buildup time for the RF oscillation during which the pulse 
voltage rises to values higher than required for + mode operation. It is 
particularly aggravated on line type modulators for which the magnetron, 
before it oscillates and draws current, presents a mismatch to the line net- 
work causing the voltage to rise to a much higher value. The difficulty was 


MAGNETRON AS GENERATOR OF CENTIMETER WAVES 307 


circumvented by connecting across the modulator network a condenser in 
series with a resistance equal to the characteristic impedance of the net- 
work. The condenser is of low.impedance for rapid voltage changes, termi- 
nating the network properly during the voltage rise. The condenser, 
however, stores some energy which must be dissipated at the end of the 
pulse. The discharge of this energy through the magnetron causes very 
weak oscillations to occur following the main pulse. This condition some- 
what lengthens the interval of time following the pulse during which the 
radar receiver may not detect an echo. 

16.2 The 4345-47 Magnetrons: For the extension of radar range it had 
been found desirable to use pulses of longer duration with consequent in- 
crease in total energy radiated per pulse. As indicated in PART I, the 
longer the pulse, the narrower the frequency spectrum. A long pulse conse- 
quently makes possible a narrower receiver band width, an improved 
receiver signal to noise ratio, and greater range. Although it was necessary 
to reduce the peak power somewhat in operating the 720A-E at a pulse 
length of 5 microseconds, a substantial increase in range could still be ef- 
fected. The Radiation Laboratory at M. I. T. proposed to use 720A-E 
type magnetrons on long pulse operation and performed many tests of these 
magnetrons under these conditions. Many 720A-E magnetrons performed 
satisfactorily under these long pulse conditions. However, arcing both 
internally between cathode and anode and externally across the input leads 
deteriorated the performance and made the life expectancy of the magnetron 
questionable. 

To meet the new demands a new series of magnetrons, the 4J45-47 was 
developed by making two design changes in the 720A-E. The plain, oxide 
coated cathode was replaced with a cathode of the “mesh” type to be de- 
scribed in Section 21. MaGNETRON CaTHODES. The “mesh” cathode proved 
to be more rugged, involved less arcing, was longer lived, and required a 
minimum of changes in internal structure. 

External arcing at the input leads was minimized by lengthening the glass 
section, accomplished by increasing the over-all lead length and shortening 
the metal section of the lead at the magnetron body, and by enclosing the 
leads in housings filled with a silicone anticorona compound. These changes 
were limited by the requirement of interchangeability with the 720A-E. 

The modified 720B-D magnetrons were coded the 4J45-47. Operating 
characteristics are given in TABLE II. These magnetrons were used with 
long pulses and in the usual service for which the 720A-E had been designed. 


17. MAGNETRONS FOR WAVELENGTHS NEAR 3 CENTIMETERS— 
UNDER 100 Kitowatts 


17.1. The 725A and 730A Magnetrons: As the antenna size of a radar 
is reduced, it is necessary to reduce the operating wavelength to maintain 
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the same width of radiated beam and resolving power. To meet the needs 
for aircraft and submarine radar and other applications in which antenna 
size must be small, shorter wavelength magnetrons were essential. The 
development of magnetrons of frequency near 10,000 mc/s (3 cm. wave- 
length) was part of the expanding program of magnetron research and de- 
velopment which grew out of the earliest experiments. The work was 
concentrated at 3.2 cm., roughly a factor of three below the initial 10 cm. 
work, From the earliest 3 cm. magnetron developments was evolved an 
efficient 3.2 cm. magnetron, the 725A, requiring roughly the same driving 
conditions as were used in the first 10 cm. magnetron applications. 

An operating 3 cm. magnetron was built in the summer of 1941. The 
crude techniques then in use in the 10 cm. wavelength range were adapted 
to the 3 cm. range, and 5 kw. peak power from this magnetron was measured 
in a coaxial water load. This design involved an unstrapped resonator 
system having eighteen quarter wavelength slots. The choice of so many 
resonators was made in order that large cathode and anode dimensions could 
be used, later shown to be unreasonable for the voltage range employed. 
In addition the design suffered from a confusion of many modes of the 
resonator system and from an inadequate output circuit. 

A later design, similar in some respects to one upon which work was done 
at the M. I. T. Radiation Laboratory, made use of a resonator system having 
twelve slots. This design operated in a mode other than the x mode, prob- 
ably that for which x = 3 orm = 4. The M. I. T. version, the 2J21, was 
the first 3 cm. magnetron to be manufactured in quantity. Its power output 
was about 15 kw., generated at an efficiency of from 12 to 15 per cent. 
Many variations of this design were made without major success in an 
attempt to obtain efficient and reliable operation. 

Prior to the introduction of straps, attempts were made to adapt 10 cm. 
magnetron designs to 3 cm. While none came up to the 10 cm. operating 
efficiencies, one such, having an unstrapped resonator system of eight hole 
and slot resonators, was used extensively in systems experimental work in 
our Laboratories. 

By this time it was realized that some fundamental reason existed for the 
failure of these 3 cm. magnetrons to reach efficiencies comparable with those 
obtained at 10 cm. ‘The resonator systems were unstrapped at 3 cm., and 
they operated in a mode other than the * mode. However, this did not 
fully explain their failure. Attempts were made to operate strapped 3 cm. 
magnetrons in the r mode, but they still did not result ‘in the desired or 
expected improvements. The trouble lay not only in the mode frequency 
distribution of the resonator system but also in the size of the interaction 
space. Prior to this time, 3 cm. magnetrons were made with larger inter- 
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action spaces than direct scaling from 10 cm. would indicate. This had 
been done to achieve greater cathode size and smaller operating magnetic 
field. It appeared that 3 cm. magnetrons had been suitable only for opera- 
tion at’ high voltage and high magnetic field and were being operated far 
below their range of maximum efficiency or even of reasonable operation. 
A decisive step forward was taken when a strapped magnetron was built 
which was rigorously scaled, according to the scaling principles discussed in 
PART I, from 10 cm. designs of the same operating voltage and current as 
that desired at 3 cm. 

The first such magnetrons were scaled from the 10.7 cm. strapped mag- 
netrons having eight resonators, the 718AY-EY, with only minor changes 
being made in the resonators for mechanical reasons. The results obtained 
were very encouraging although they were erratic for a variety of reasons. 
Mechanical construction was difficult and not reproducible before newer 
tools and techniques for making and assembling small parts were introduced. 
Output circuit variations in many cases completely masked good electronic 
operation, and it was not until a carefully considered and executed study 
of the output circuit design was instituted that consistent results were ob- 
tained. However, the results were such that it was decided to shift all 
emphasis in 3 cm. magnetron development at the Bell Laboratories to 
strapped designs scaled from 10 cm. magnetrons. 

This was by no means an easy decision to make. For example, it meant 
the use of very small parts and clearances, of order 0.010 in., and very close 
tolerances. That such a magnetron would be feasible for large scale pro- 
duction was by no means obvious. A cathode, 0.100 in. or less in diameter, 
which must deliver a considerably higher current density than any previous 
magnetron cathode, would be necessary. Whether such a cathode, at the 
expected operating conditions, would have any appreciable life was not 
known. Furthermore, a scaled 3 cm. magnetron would require a much 
higher magnetic field than previous 3 cm. designs, a demand which might 
increase the magnet weight. 

On the other hand, it was possible that the improved electronic efficiency 
of the scaled magnetron would result in less rigorous treatment of the cathode 
in spite of its small size. In spite of the increase in magnetic field, the 
decrease in anode length of the scaled magnetron made possible the reduction 
of the magnet gap to a point where it was conceivable that no greater mag- 
netomotive force and size of magnet would be required than in previous 
3cm. designs. Greater stability and freedom from mode troubles could be 
expected. 

Early strapped magnetrons having eight resonators had anode diameters 
of order 0.175 in, and cathode diameters of order 0.065 in. Magnetrons of 
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over-all efficiency better than 45 per cent at a pulling figure of 15 mc/s were 
made. 

The cathode life in these magnetrons was very short—10 to 30 hours. 
Reduction of the severity of the demands made of the cathode was necessary. 
Strapped magnetrons having twelve resonators and larger cathodes were 
designed and a few built with promising results. 

The 3 cm. magnetron development program was later broadened by the 
inclusion of personnel from the NDRC Radiation Laboratories at the 
Massachusetts Institute of Technology and at Columbia University. Effort 
on magnetrons having twelve resonators was expanded and prosecuted 
vigorously along with the work on the eight resonator types. Somewhat 
later the effort was concentrated solely on the twelve resonator magnetron. 
The design which was made shortly thereafter became, with only minor 
changes, the 725A. 

Experience gained with previous magnetrons at all wavelengths enabled 
one to design a mechanically feasible resonator system with proper strapping 
to give the desired RF characteristics and 7 mode resonant frequency. 
The interaction space, on the basis of previous work and Hartree’s oscilla- 
tion condition, was designed to meet the specification of 12 kv. and 12 amps. 
input. The design was complicated both mechanically and electrically by 
the requirement of interchangeability with the 2J21. Thus good operation 
at 10 kv. and 10 amps. input was necessary. 

The resonator system of the 725A is machined into a separable ‘anode 
insert” which, when completed, is brazed into position in the so-called 
“shell” carrying the leads and cooling fins. The straps are placed in a 
channel for shielding from the interaction space and are broken on one end. 

The first cathodes were the ordinary, nickel sleeve type with double car- 
bonate coating sprayed onto its surface. Not long after the start of the 3 
cm. magnetron development, it was recognized that the cathode develop- 
ment problem would be a large part of the over-all project. Indeed, the 
725A proved to be an excellent magnetron for cathode development work. 
Many of the cathode improvements and new designs developed for it have 
been used successfully in other magnetrons. The cathode as finally de- 
veloped for the 725A was a nickel blank, complete with end disks and heater 
chamber turned out of nickel rod. Over the cylindrical portion was welded 
or sintered a fine nickel mesh in the interstices of which the active coating 
was applied. This is shown in Fig. 79 and will be described more fully 
with other cathode developments in Section 21. MAGNETRON CATHODES. 
Under normal operating conditions the cathode heater is turned off, the 
necessary heat being provided by electron back bombardment. 

Considerable effort was expended in the design of a satisfactory and repro- 
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ducible output circuit for the 725A. The requirement of interchangeability 
with the 2J21 restricted the output wave guide flange in its position relative 
to the axis of the anode and the mounting flange. Previous 3 cm. magne- 
trons having hole and slot resonators utilized coaxial output circuits coupled 
to the resonator system by a loop located in the median plane of one of the 
resonators as in Fig. 1. Although it was recognized that a wave guide 
output for a small magnetron of this type would be more elegant and repro- 
ducible than a coaxial output, difficulty in twisting the plane of polarization 
from the resonator to the output wave guide flange, involved in the inter- 
changeability requirement, and the lack of experience with such outputs 
made necessary the choice of an output for the final design similar to.the 
original. To obviate the removal of a large portion of one resonator to 
accommodate the output and to make the loop easily accessible for inspection 
and adjustment, it was placed in the end space directly over the circular hole 
of one of the resonators. This so-called “‘halo’’ type loop is shown in Fig. 66. 
The coaxial line was terminated, as in previous 3 cm. magnetrons, in a junc- 
tion to wave guide, fabricated as part of the magnetron. The output circuit 
was designed around a matched junction which, it was hoped,’would have 
the best electrical breakdown strength at the reduced pressures of high 
altitude operation, would be frequency insensitive, and would avoid adjust- 
ment of the junction on individual magnetrons. The entire antenna of the 
junction was enclosed in the vacuum envelope of the magnetron as may be 
seen in Fig. 66. 

The method of attack on the output circuit problem from this point on 
may be summarized as follows: First, a matched junction from coaxial to 
wave guide such that it could be applied to the final over-all design, had to be 
achieved. Then, for a given choice of loop size and position relative to the 
resonator, it was necessary to obtain the transformer properties of the coaxial 
line immediately adjacent to the loop so that the proper over-all coupling 
from magnetron resonator to wave guide load was achieved. Here again 
the mechanical restriction on the distance between the resonator and wave 
guide axes was found to be cumbersome. Two loop sizes were tried, that 
requiring the higher standing wave in the coaxial transformer to couple it 
properly being later discarded. Af any given stage in the development, the 
procedure consisted of finding the impedance to be presented to the loop 
by the coaxial output. This was done by transforming through the entire 
output circuit to the loop terminals, the impedance needed in the output 
wave guide for proper loading, using the transformer parameters measured 
on a simulated output circuit. This impedance at the loop terminals was 
obtained by variation of the transformer properties of the coaxial line 
between the loop terminals and the coaxial to wave guide junction. The 
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change of diameter of the coaxial center conductor at a critical distance from 
the loop terminals is to be seen in Fig. 66. The height of the output loop 
above the resonator end surface was a convenient variable upon which the 
over-all output coupling depended. This was not without disadvantages, 
however, since its value for reproducibility had to be held to within 0.001 in. 
Its nominal height above the anode is 0.011 in. 

While the scaling of 10 cm. magnetrons to 3 cm. demanded higher mag- 
netic fields than had previously been used at 3 cm., the magnet size was 





Fig. 65—An external view of the 725A magnetron (55 kw., 9375 mc/s), showing the 
attached coaxial to wave guide junction in the output circuit. 


kept down by the reduction of the magnet gap made possible in the scaling 
of anode length. A further reduction in effective magnet gap was made by 
the inclusion of steel disks in the end covers of the magnetron. With these 
changes, the magnetomotive force required to supply the field for the 725A 
was almost identical to that required by the 2J21 and no extensive magnet 
redesign was necessary. 

The requirement of interchangeability with the 2J21 made it necessary to 
place the input and output leads of the 725A at right angles (see Fig. 65). 
Along with the 725A, there was developed a version, coded the 730A, with 
input leads mounted directly opposite to the output in a so-called “straight 
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through” design. Experimental models were released for systems tests and 
the need developed for such magnetrons to be used in some special radar 
systems. The 730A is identical to the 725A except for external mechanical 
details. An external view is shown in Fig. 67. 

Details of the final design of the 725A (and 730A except for the mechan- 
ical differences noted) may be seen in Fig. 66. Data on these magnetrons 
and their performance are given in TaBLE III. A typical performance chart 





Fig. 66—A view of a cut-away 725A magnetron (55 kw., 9375 mc/s). Note the breaks 
in the double ring straps, the so-called “halo” loop above the hole of the output resonator, 
the step in the center conductor of the output coaxial providing the necessary impedance 
transformation, and the details of the coaxial to wave guide junction. 


is shown in Fig. 68. Experience has indicated that it is entirely adequate for 
150 kw. input at duty cycles up to 0.001 and, with later cathode designs, at 
pulse lengths up to 5us. The RF spectrum is satisfactory even under rather 
extreme conditions of mechanical vibration and shock, and the operation 
under a variety of conditions is remarkably free from “moding”. Difficul- 
ties have been encountered in attempts to push its power input with Sus 
pulses much above 175 kw. although with short pulses at lenient duty cycle 
operation with as much as 300 kw. peak input power has been achieved. 
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Many difficulties were encountered in the early stages of production above 
those of training personnel to handle small parts and to perform new types 
of operations. Maintenance of cathode centering through all operations 
had to be rigidly supervised since off-center cathodes resulted in poor 
operation. The size and position of the output loop were very sensitive 
variables directly affecting output power and pulling figure. The latter 
were also marked functions of variables in the transformer of the output 
circuit. It was found, for example, that variations in the glass, and particu- 
larly in the bead supporting the center conductor, were causing considerable 





Fig. 67—The 730A magnetron (55 kw., 9375 mc/s)—the “straight through” version 
of the 725A. 


spread in characteristics. Closer tolerance on the glass, involving the use 
of a molded bead, greatly improved this situation. 

With the very narrow limits specified for the operating frequency of the 
magnetron, it was essential that the anode pretuning be done very precisely. 
Here, considerable difficulty was encountered with a pretuning arrange- 
ment in which the indication of resonance depended on the equivalent line 
length of the output circuit between the anode block and the detector in the 
wave guide. Variability in this electrical length caused the actual resonance 
to vary over a considerably wider range than the required 9375 + 30 mc/s. 
By use of a detector connected at the output loop it was possible to reduce 
the percentage of magnetrons eliminated for being outside the frequency 
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limits at final test from more than 50 per cent to less than 1 per cent. At 
one point in the development, when it appeared that the frequency spread 
could not easily be reduced, a tuning screw mechanism was designed with 
which the frequency of the resonator system could be varied by movement 
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Fig. 68—A typical performance chart of the 725A and 730A magnetrons (9375 mc/s). 


of a plug through the side wall of one resonator and which could be adjusted 
from outside the vacuum envelope at the final acceptance test. Although 
the mechanism was built, tested, and found to operate satisfactorily, the 
improvement of the pretuning technique made its adoption unnecessary. 

During the initial stages of production it was verified that the pulling 
figure of the 725A and 730A could be adjusted within limits by variation of 
the position of the end plate shorting the wave guide section into which the 
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coaxial output circuit of these magnetrons is terminated. It is possible by 
a displacement of 0.040 in. of the whole end plate to effect about a 6 mc/s 
change in pulling figure near the value of 15 mc/s. An end plate consisting 
of a convoluted diaphragm was constructed which could be adjusted at final 
test if necessary. By this means it was possible to make the adjustment 
without disturbing the airtight seal needed in some pressurized installations. 
The adjustable end plate is to be seen in the cutaway model of Fig. 66. 

Despite initial difficulties, it was possible in the first nine months of 
production to increase the yield of shippable magnetrons meeting all the test 
specifications from a very low initial figure to over 85 per cent of all those 
completed and reaching final acceptance tests. Although subsequent 
tightening of the test specifications, such as the increase of pulse length at 
test from 1us at 1000 pps to 2 us at 325 pps, caused temporary setbacks in the 
percentage yield, it was nevertheless increased until it ran consistently better 
than 95 per cent. 

Although better magnetrons have since been built in the 3 cm. wavelength 
range, the 725A occupies a special place in magnetron development at these 
wavelengths. It represents the first high efficiency, x mode, strapped mag- 
netron for 3 cm. operation, and as such has served as the prototype of most 
of the subsequent 3 cm. magnetron developments in the United States and 
Great’ Britain. 

The 725A was manufactured by the Western Electric Co. in this country 
and the Northern Electric Co. of Canada. The Raytheon Mfg. Co. used 
Bell Laboratories’ design information to produce a 725A magnetron but 
redesigned the resonator system to use a vane type more adapted to their 
manufacturing practice. The total number of 725A magnetrons produced in 
these three plants was over 300,000, indicating the extent to which it was 
used during the war. 

17.2. The 2548, 249, 2550, and 2J53/725A Magnetrons: Following 
completion of the 725A magnetron at 3.2 cm., requests were made for three 
similar magnetrons. These were to have the same characteristics as the 
725A, differing only in their frequencies of operation. 

The 2J48 is an exact duplicate of the 725A but has a narrower spread in 
frequency, + 5 mc/s, around a mean value of 60 mc/s lower than the 
nominal 725A frequency of 9375 mc/s. The 2J48 was never manufactured 
by the Western Electric Co. 

The 2J49 and 2J50 are 725A types operating at 3.3 cm. and 3.4 cm., re- 
spectively. These new wavelengths were met by a new resonator design 
involving larger resonator holes than in the 725A. The nominal wavelength 
of the new design was 3.35 cm., tuned either into the 3.3 cm. or the 3.4 cm. 
band by strap manipulation. 
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In an effort to get high power from the 725A magnetron operating on long 
pulses, considerable work was done to build a cathode for a power input of 
225 kw. While a few thousand such magnetrons were made and tested at the 
higher test condition, entirely satisfactory operation was never achieved. 
Magnetrons tested at 225 kw. input were coded the 2J53/725A but after 
the first production run were not manufactured again. The 4J50 and 4J52 
magnetrons are now available for this range of operating conditions. 





Fig. 69—The 2J55 magnetron (55 kw., 9375 mc/s)—the “packaged” version of the 


725A. Compare with the size of the 725A and its magnet shown in Fig. 44. 


17.3. The 2555 and 2356 Magnetrons: The 2J55 and 2J56 are by- 
products of the development of a tunable 3 cm. magnetron, the 2J51, de- 
scribed below. The 2J51 design, being “packaged” and thus lighter and 
more compact than the 725A and its magnet, with which it is interchange- 
able, was ideally suited for conversion into a fixed frequency, “packaged”, 
3 cm. magnetron. The only design changes required were those associated 
with the removal of the tuning mechanism and the change in dimensions of 
the resonator system needed to bring the wavelength to the proper value. 
The two magnetrons designed in this way for operation at the wavelengths 
3.2 and 3.25 cm. were coded the 2J55 and 2J56, respectively. Each weighs 
3 Ibs. 12 oz. as compared to the weight of 11 Ibs. 2 oz. of the 725A mag- 
netron and its magnet. 
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A photograph of the 2J55 magnetron is shown in Fig. 69 and operating 
data are included in Taste III. 


18. TUNABLE MAGNETRONS FOR WAVELENGTHS NEAR 3 CENTIMETERS 


18.1. The 2J51 Magnetron: As in the 20 to 45 cm. wavelength region, 
the demand arose for tunable magnetron replacements when fixed frequency 
magnetrons had become available in the 3 cm. band. A significant step 
toward satisfying this demand was taken at the NDRC Radiation Labora- 





Fig. 70—An external view of the 2J51, tunable, “packaged” magnetron (55 kw., 8500 
to 9600 mc/s). 


tory at Columbia University in 1943 when a tuned, ‘‘packaged’’ magnetron 
was built around a 725A anode structure and output circuit. The tuning 
scheme used was that of variation of resonator inductance, as discussed in 
PART I, by a so-called tuning head consisting of a set of pins which project 
into the holes of the resonator system. The mechanism for driving the 
tuning head is contained inside one of the magnet pole pieces. The other 
pole piece carries the axial cathode mount. Two magnets are clamped to 
opposite sides of the pole pieces in the usual ‘‘packaged”’ construction. 
These and other details are shown in the photographs in Fig. 70 and 71 of 
complete and cutaway models of the magnetron, coded the 2J51, as it was 
put into production at the Western Electric Co. 
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From the inception of the project until the bulk of the work of developing 
the tunable 3 cm. magnetron was transferred to the Bell Laboratories, a 
number of problems had been encountered and solved at the Columbia 
Laboratory. It had been shown that tuning a 725A type magnetron was 





Fig. 71—A view of a sectioned 2J51, tunable, “packaged” magnetron (55 kw., 8500 
to 9600 mc/s). Features of interest to be seen are: the tuning pins, the drive mechanism 
and vacuum bellows, the axial cathode mount, the glass bead support of the center con- 
ductor of the coaxial output line, and the sheathed permanent magnet construction. 


feasible by the means chosen. The range of wavelength from 3.13 to 3.53 
cm. could easily be spanned. The variation in frequency was found to be 
very nearly linear with position of the tuning pins. It was shown how 
a spurious resonance of the pin structure occurring within the frequency 
range could be displaced so as to cause no difficulty. Although no work of 
revision had been done on the 725A output circuit used in the tunable 
magnetron, it was demonstrated that tolerably “flat” characteristics of 
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output power and pulling figure against frequency could be obtained with 
it. The fundamental mechanical problems of “packaging” the magnetron 
and providing facilities for driving the tuning head were shown to be feasible 
and a smooth working and resettable driving mechanism designed and 
constructed. 

The Columbia Radiation Laboratory built a series of these magnetrons, 
several of which were used in the development of tunable radar systems. 
The Bell Laboratories had cooperated from the start by supplying 725A 
magnetron parts, and by making anode inserts of special dimensions to raise 
the maximum attainable wavelength of the resonator system. It was 
decided that the Bell Laboratories should take over the main burden of 
further development of the magnetron for manufacture by the Western 
Electric Co. By this time its specifications had been quite definitely estab- 
lished. It was to be a magnetron with the general power output capabilities 
of the 725A, tunable over the frequency range from 8500 to 9600 mc/s 
(approximately 3.13 to 3.53 cm.). It was to be interchangeable with the 
725A magnetron in the sense that it could be installed directly in any radar 
system using the 725A when the magnetron and its magnet were removed. 
Interchangeability, as usual, was one of the most annoying requirements. 
The magnetron was to be “packaged” and provided with magnetic shunts 
so that the magnetic fields necessary for operation at 10 kv. and 10 amps., 
12 kv. and 12 amps., and 14 kv. and 14 amps. could be attained with a 
single magnet design. No specific requirements on variation of output 
characteristics were made at that time, but it was understood that only a 
magnetron whose pulling figure varied by an amount of the order of 3 mc/s 
or less over the entire frequency band would be acceptable. Similarly, it 
was understood that the tuning mechanism should provide smooth varia- 
tion in frequency with a minimum of backlash and of such resettability that 
the use of a wavemeter would not be required in setting the radar system to a 
new frequency. 

During the course of the development at the Bell Laboratories it became 
necessary to redesign the magnetron in a number of important respects. 
The requirement that the magnetron operate at 14 kv. and 14 amps. de- 
manded a magnetic field for which the magnet weight would be prohibitive. 
Consequently, anode and cathode radii were scaled from those of the 725A 
magnetron by the factor 1.2.. The larger cathode resulting from this re- 
design made easier the problem of attaining the maximum of 200 kw. peak 
input power required by the specifications. However, it caused a recurrence 
of the difficulty with a resonance of the tuning pin structure appearing in the 
8500 to 9600 mc/s range. This had been found at the Columbia Laboratory 
to be a resonance of the capacitance between the pins and anode structure 
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with the inductance of the end space region through which ‘the pins project 
from the magnet pole piece into the resonators. As before, the frequency 
of this resonance was removed by filling the end space with a copper ring or 
collar. 

In the course of study of this resonance and of output circuit characteris- 
tics, an extensive program of testing of non-oscillating experimental models, 
whether operable or not, was carried out to supplement the data of oscillation 
tests. From these measurements, three important types of data were 
obtained, namely, the variation of pulling figure with frequency, the amount 
of RF energy loss introduced by the insertion of the tuning pins, and the 
variation of frequency with position of the tuning head. The first of these 
data, combined with ‘measurements of the output circuit transformer char- 
acteristics made on simulated and adjustable models, yielded a complete 
understanding of the functioning of the output circuit. The effect of 
coupling loop size and of the variation of the dimensions of the coaxial to 
wave guide junction on the performance of the magnetron over the frequency 
range were determined. Although other designs of output circuits of the 
general 725A type were experimented with, it was possible to adjust the 
parameters of the original 725A output circuit to give a reasonably flat 
characteristic with frequency. In Fig. 72 are shown the variation of pulling 
figure and Qex over the frequency band. 

The variation of unloaded Q with frequency, obtained in the above men- 
tioned non-oscillating tests, indicated that stainless steel pins or even such 
pins copper plated to a considerable thickness were unsatisfactory. It was 
found that under the heat treatment occurring during brazing operations 
the copper plate and steel diffused through each other so as to increase 
markedly the surface resistance of the pins. Copper sheathed pins were 
found to be satisfactory. Solid copper was finally used as it was found to 
possess sufficient strength under mechanical shock test. Even so, as Fig. 
72 indicates, the Q. of the resonator system falls off with increasing fre- 
quency and pin penetration. 

Determination of the variation of frequency with position of the tuning 
pins dictated the design of the drive mechanism to provide the necessary 
range of motion. It was found that, with a pin diameter of 0.064 in. moving 
in resonator holes of 0.088 in. diameter, the frequency band could be spanned 
in a total travel of 0.110 in. Fig. 72 shows the nearly linear relationship 
between frequency and pin penetration. 

The drive mechanism of the early Columbia models was redesigned to 
make possible its fabrication by a single brazing operation in a jig and to 
provide a sleeve rather than a thread bearing. The backlash achieved in the 
final design is such that one may reset the tuning head for a given frequency 
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to within 1 mc/s which corresponds to a displacement of the pins of 0.0001 
in. and to 0.1 turn of the worm wheel drive. The tuning mechanism is 
provided with a positive stop at each end of the tuning range. The fre- 
quency band is covered in five revolutions of the main drive screw and gear. 
A flexible vacuum envelope is provided by means of sylphon bellows. De- 
tails of the design may be seen in the sectioned model shown in Fig. 71. 
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Vig. 72—Smoothed characteristics of the 2J51 tunable magnetron (55 kw., 8500 to 
9600 mc/s) throughout its frequency band. Shown is the dependence upon frequency 
of the unloaded Q, Q,; of the external Q, Q.2:; of the circuit efficiency, 7-; of the electronic 
efficiency, 7; of the over-all efficiency, 7; and of the pulling figure , PF. Also shown is 
the dependence of the operating frequency upon position of the tuning pins, D, measured 
from the position of maximum intrusion. The dashed lines on either side of the exper- 
imental curves indicate the range of possible variation of the data. The curves for and 
ne have been determined from the experimental results by the use of equation (25) of 
PART I and the relation 7 = m. ne. 


The elimination of radial cathode support leads and the use of the mag- 
netic pole pieces as the end covers of the magnetron body made possible a 
large reduction in the magnet gap and magnetomotive force required to 
produce the necessary magnetic field. Because of the requirement of inter- 
changeability with the 725A magnetron, a very awkward V-shape magnet 
design in which the leakage flux was tremendous could not be avoided. 
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Fortunately, before production commenced, relaxation of the interchange- 
ability requirements made a change in the magnet form possible, and the 
much more efficient U-shape of those shown in Fig. 70 was adopted. 

In performance, the 2J51 magnetron is essentially a 725A capable of 
operating over a 12 per cent frequency band. Taste IIT gives two sets of 
operating conditions available through the use of the magnetic shunts. Fig. 
72 shows several circuit characteristics of the magnetron over the frequency 
band. Also shown is the variation in over-all operating efficiency. The 
slight drop in efficiency observed as the frequency increases is due primarily 
to the decrease in Qo. The electronic efficiency increases slightly with 
increasing frequency. The performance chart of the magnetron at its 
intermediate magnetic field is very similar to that of the 725A at the same 
field value, as shown in Fig. 68. The performance of the 2J51, when con- 
nected to a long, mismatched line exhibits a periodicity in power output, 
pulling figure, and frequency variation as the tuning is changed. This is 
expected in such a case because of the resulting changes occurring in the 
electrical length of the line with changing frequency. If the mismatch is 
sufficiently great, the condition may exist in which periodic regions of the 
frequency spectrum are completely unattainable, as discussed in section 10.2 
Frequency Sensitive Loads. 

The 2J51 represents an attempt to design considerable versatility into one 
magnetron. As has been described in the discussion of the 2J55 and 2J56, 
the development of the 2J51 provided the opportunity to make available 
“packaged” magnetrons of fixed wavelengths near 3 cm. by the omission 
of the tuning mechanism. 


19. MAGNETRONS FOR WAVELENGTHS NEAR 3 CENTIMETERS— 
100 to 300 KirowattTs 


19.1. The 4J50, 4J52, and 4J78 Magnetrons: In the later stages of devel- 
opment of the 725A, it had been demonstrated that a high efficiency scaled 
magnetron of wavelength neat 3 cm. was feasible. It also had become evi- 
dent that, freed from the hampering restrictions on input power and me- 
chanical interchangeability, a magnetron of considerably greater output 
power capabilities could be made. The achievement of a magnetron design 
capable of delivering at least 200 kw. output power at a duty cycle of 0.001 
or greater was set as a first objective. This was achieved with a good 
margin. During its entire course, the program was actively participated 
in by members of the Radiation Laboratory at M. I. T. working in residence 
at the Bell Laboratories. 

The objective of 200 kw. peak output power at the factory test was not 
considered to be the maximum obtainable from a 3 cm. magnetron but 
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was largely determined by the state of development of systems and com- 
ponents when the work began. It was desirable to produce a magnetron 
which, while marking a very substantial gain over the 725A in power output, 
should at the same time be of reasonable weight, air-cooled, and capable of 
operation with a pulser of modest dimensions and of working into the 
system components in existence or under development. 

The design began with the choice of a resonator system having sixteen 
resonators. The anode diameter was chosen for an operating voltage range 
of 20 to 25 kv. The increase in number of resonators from twelve to six- 
teen and operation at higher.voltage necessitated a considerable increase in 
cathode diameter over that of the 725A. The length of the anode was left 
as before because it was felt that the desired increase in total cathode emis- 
sion would be available from the increase in cathode area and that the mag- 
net weight ought to be kept as low as possible. 

Experimental models incorporating these design changes were built in 
the 725A type structure with radial cathode mount, “halo” coupling loop 
and coaxial output terminating in a junction to wave guide. The per- 
formance of these early models was satisfactory. Operating efficiency 
better than that of the 725A mgnetron was achieved over the range of 
currents from 4 to 40 amps. 

However, it was easily to be seen that the 725A type structure was by 
no means the ideal for a 3 cm. magnetron of increased output power. The 
output circuit was marginal in its power handling capabilities; it could 
transmit no more than 300 kw. Furthermore, the opportunity presented 
itself of eliminating other troublesome features such as the “halo” loop and 
the coaxial to wave guide junction, by designing a wave guide output whose 
critical dimensions are machined to size. The type of cathode structure 
of the 725A was limited in its heat dissipation in comparison with the axial 
type of cathode mount made possible by the use of magnet ‘“packaging”’. 
In addition, the axial type cathode mount is superior from the standpoints 
of DC voltage breakdown and economy of space. Considerations of weight 
also favored the “packaged’’ structure, in which the magnet pole pieces 
form an integral part of the magnetron structure. Many of these first 
experimental models suffered from a drooping voltage-current characteristic 
at constant magnetic field in the region of low currents. This effect and 
its attendant loss of operating efficiency became progressively worse as 
the magnetron was operated. It was hoped that the parasitic electron 
emission from the cathode end disks, believed from experiments with non- 
emissive coating materials to be responsible for the effect, could be elimi- 
nated or reduced in an axially mounted cathode. 

Accordingly, an entirely new design was undertaken, built around the 
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sixteen resonator anode structure used in the early work but including 
the features of “packaging,” axial cathode mount, and wave guide output. 
A number of vexing but nevertheless interesting problems was encountered. 
Principal among these were the tendency to operate in another mode under 
certain conditions and the problem of obtaining satisfactory magnetic field 
uniformity in a design which necessitated the removal of a considerable 
portion of the center of the magnet pole piece to accommodate the axial 
cathode mount. Each of these difficulties was surmounted as is described 
in the detailed discussion later. The resonator system was redesigned 
quite late in the development to take advantage of the possibility of oper- 
ating at a lower electronic conductance and hence higher RF voltage for the 
same output power. The advantages of this step were a reduction in the 
tendency of the magnetron to “mode” and an increase in unloaded Q. 

The development program briefly sketched above resulted in three 
coded magnetrons, the 4J50, 4J52, and 4J78. The 4J50 and 4J78 magne- 
trons, identical except for frequency, were built with magnets large enough 
to permit operation near the maximum power capabilities of the design and 
with larger input leads to withstand the higher DC voltage required. The 
4J52 magnetron, although incorporating the same internal design as the 
other models, was built with smaller magnets for operation at a set of 
conditions easily attainable with the higher power design but beyond the 
reach of the 725A. Developmental work on all three magnetrons was 
conducted simultaneously. 

In the 4J50 magnetron a hole and slot resonator system was adopted. 
The remarkable freedom of the 725A magnetron from “moding”’ difficulties 
had made it appear desirable to retain as large a mode frequency separation 
as possible. Equivalent circuit theory indicated that to do this the increase 
in the number of resonators from twelve to sixteen would necessitate about 
twice the strap capacitance of the 725A. This would have required ex- 
tremely wide straps for which the recess channel in the anode structure 
would be very difficult to trepan. For this reason the resonator system 
was strapped less heavily; the » = 8 and n = 7 mode frequencies differed 
by 19 per cent rather than 25 per cent as in the 725A. 

In none of the early models built into 725A type structures was any 
“moding” or “misfiring” observed. When axial cathode and wave guide 
output were introduced, however, “moding” was experienced both in those 
with no strap breaks and those with the usual double break at one end of the 
anode. By enlarging the cathode diameter such that the ratio of cathode 
to anode radii increased from 0.60 to 0.66, the difficulty was removed in 
models with broken straps, but it was not possible to eliminate it in those 
with unbroken straps. Decreasing the r-/ra ratio increased the tendency 
to “mode.” 


MAGNETRON AS GENERATOR OF CENTIMETER WAVES 327 


It might be surmised that the trouble in the unbroken strap case was due 
to a component of » = 7 which did not couple to the output circuit. The 
phenomenon was studied in an operating magnetron with small electro- 
static probes built into several resonators. The 2 = 7 components were 
identified, their relative intensities being approximately those expected. 
It is of some interest to note that the “moding” encountered here differed 
from that seen in magnetrons of longer wavelength. The magnetron 
seemed invariably to start in the + mode, falling into oscillation in the 
n = 7 mode more rapidly as loading increased. As might be expected from 
this behavior, the mode boundary on a performance chart is little affected 
by the rate of rise of the pulse as it had been in other magnetrons. Later 
evidence made it appear that the change in the operating voltage of the 
n = 7 mode brought about by the redesign of the resonator system was 
a decided improvement. 

The necessity of using strap breaks led to an unforeseen difficulty. Un- 
der the influence of RF electric forces, the overhanging ends of the straps 
at the strap breaks moved together and shorted, causing failure after only 
a few hours of operation. The trouble was eliminated by removing the 
overhanging portions of the straps with no noticeably harmful effects. 

In a 3 cm. magnetron, strapped as heavily as the 4J50, circuit losses 
become very important in determining the over-all efficiency. A noticeable 
improvement in unloaded Q was effected when an atmosphere of prepurified 
Nz was substituted for the CO,-alcohol mixture which had previously been 
used to prevent oxidation during the final brazing. The CO:-alcohol 
method had been abandoned for another reason, namely, that chemical 
analysis showed carbon deposited on the steel pole-pieces underneath the 
copper plating. 

If one determines the circuit efficiency for matched load by impedance 
measurements on a non-oscillating magnetron [see equation (25) of PART I], 
one may then calculate its value for any load. From measurements of 
over-all efficiency as a function of load conductance, the dependence of the 
electronic efficiency on this conductance may be determined. The curve 
of Fig. 19 was obtained in this way for the 4J50. The fact that the elec- 
tronic efficiency, as seen in Fig. 19 is practically independent of load, that 
is to say, of electronic conductance, together with some observations of 
the load sensitivity of the “moding” in the 4J52, led to consideration of 
a new design for the resonator system. It was found invariably that the 
boundary for mode change in the 4J52 magnetron moved to higher currents 
as the load impedance was changed to values further removed from the 
frequency sink and power maximum in any direction on the Rieke diagram. 
This suggests that, as the circuit conductance [G, of equation (36)]: is 
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increased, the decrease in RF voltage in the + mode places that mode at a 
disadvantage in competition with the x = 7 mode. 

As a result of these considerations, a new resonator system was designed 
in which the electronic conductance at the normal operating point was to be 
two thirds of that in the first design. To maintain the pulling figure invari- 
ant, it was necessary to reduce the total resonator capacitance. Although all 
of this capacitance could not be removed from the straps without reducing 
the mode frequency separation too drastically, a good proportion of it 
could be. From this, one might expect a gain in unloaded Q since the straps 
are the lossiest part of the circuit. 

The new resonator system is more satisfactory than the old. Mechani- 
cally, it is neater in that the outer strap does not extend into the holes of 
the hole and slot resonators. A definite increase in over-all efficiency at- 
tributable to a greater Q, was observed. The mode separation is 17 per 
cent, much greater than the expected value. An analysis of data on the 
n = 8, 7, and 6 mode wave lengths, by means of equivalent circuit theory, 
indicated ‘that this is due to the straps being effectively shorter although 
their physical length is unchanged in the new design. ‘This is plausible, 
however, for in the new design the outer strap is connected at a higher 
voltage point along the resonator. 

The cathode structure of the 4J50, 4J52, and 4J78 magnetrons represents 
a radical departure from previous designs. It was desirable from the 
production standpoint to be able to build the cathode structure completely 
as a subassembly before mounting it in the magnetron. This entailed 
making holes in the magnet pole pieces large enough for the cathode to 
pass through; these holes were, in fact, made of the same diameter as the 
anode (0.319 in.). Since no radial cathode support leads were required, 
it was possible to reduce the end spaces to a height of 0.065 in., making the 
magnet pole gap 0.380 in. It was recognized that the large hole to gap 
ratio would result in two bad effects: first,a loss of magnetic field and, second, 
an antibarreling of the magnetic field which results in an axial force acting 
on the electrons, directed away from the center of the interaction space. 
Both of these difficulties were surmounted by the use of cathode end struc- 
tures made of high Curie temperature permendur (50 per cent iron, 50 per 
cent cobalt). 

The permendur pieces, toroidal in shape, are mounted at the two ends 
of the cathode (see Figs. 75 and 78). Their cross section and location, 
necessary for a nearly uniform field over 80 per cent of the gap and a focusing 
field over the remainder, were determined in electrolytic tank experiments. 
Since the permendur pieces fill up a part of the hole in the magnet pole piece 
and have a separation less than the pole gap, they contribute substantially 
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to the magnetic field in the anode-cathode region. The effective gap is 
reduced from 0.380 in. to 0.340 in. by their presence, resulting in about a 
20 per cent decrease in magnet weight. While their primary function is 
magnetic, the permendur pieces also serve as normal cathode end disks pre- 
venting electrons from reaching the pole pieces. Their smooth contour 
gives a good DC voltage breakdown condition between anode and cathode. 
Finally, they are mounted in such a way that there is some thermal isolation 
from the cathode and that the migration path from cathode to external 
surface of the permendur is quite long. These features discourage electron 
emission from the cathode end structures. 

Almost any degree of cooling may be obtained with an axially mounted 
cathode without the attendant disadvantages of the heavy tungsten leads 
which fill up the end spaces of a magnetron having radial cathode mounting. 
An upper limit to the cooling is set by the fact that the cathode must be 
raised to 1050°C in activation, using a heater which can be contained within 
the cathode sleeve without encroaching too much upon its wall thickness. 
The high temperature needed during activation sets certain limits upon the 
materials which may be used in the cathode structure. Since the cathode is 
mounted from one end only (this being dictated by assembly considera- 
tions), mechanical strength is exceedingly important. A cathode, once 
off center, is subjected to magnetic forces on the permendur ends which 
tend to pull it further off center. Fortunately, measurement at the mag- 
netic fields used in normal operation shows that these forces are only of the 
order of one pound for a cathode position 0.015 in. off the axis, increasing 
to about 3.5 pounds when the permendur is in contact with the wall. 

The first cathode surfaces used in these magnetrons were of the “mesh” 
type. Later, the newly deweloped, sintered nickel matrix type was used. 
More recently, considerations of strength have led to the introduction of 
molybdenum cathodes. The cathode assembly is brazed into a hollow 
metal cone in the base of which is a receptacle type heater and cathode 
connection. Because of the length of the supporting structure and the 
relatively high temperature at which it operates, there is considerable 
expansion and resultant motion of the cathode in the axial direction. The 
cathode is offset when cold to correct for this expansion. Performance is 
not very sensitive to cathode location, but in extreme cases of misalignment 
moding difficulties may be aggravated. The cathode structure is to be 
seen in Fig. 78 and is shown mounted in the magnetron in Fig. 75. Atten- 
tion should be called to the external cathode input lead which is of heavy 
glass and Kovar construction sufficiently rugged to make unnecessary any 
protective housing. 

In the wave guide output designed for the 4J50 magnetron, the necessary 
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impedance transformation is accomplished by a quarter wavelength section 
opening directly into the output wave guide at one end and into the outside 
wall of one resonator at the other (see Fig. 30 and discussion in PART I). 
The small height of the resonator system from pole piece to pole piece makes 
it necessary to use a loaded line, in this case of H-shape cross section. The 
rature of the output circuit may be seen in the photograph of a cutaway 
model of the 4J52 in Fig. 75. 

The transformation from the wave guide impedance of about 400 ohms 
through the iris formed by the junction of the H-shape and rectangular 
wave guides and through the \/4 section inserts a resistance of about 2 ohms 
in series with the resonator to which the output circuit is connected. End 
effects make the desired transformer length differ slightly from \/4. The 
length necessary to give a pure resistance at the input end was deter- 
mined by measurements in a 10 cm. model with which the distance from 
the rectangular wave guide to the first voltage minimum in the H-section 
could be measured. 

The vacuum seal in the wave guide output circuit was made at a circular 
window sealed in a Kovar cup, mounted between choke couplings as seen 
in Fig. 75. The diameter of the window and its thickness were chosen so 
that the reflection coefficient of the window would be quite low over a broad 
band of wavelengths near 3 cm. Insertion of a dielectric such as the glass 
window into the wave guide line increases the capacitance per unit length 
of the line. Compensation for this to bring the characteristic impedance 
back to the normal value is done by increasing the inductance per unit 
length over the same region. This may be accomplished by reduction of 
the long dimension of the wave guide resulting in a nearly square cross 
section. The circular opening, preferable for glass sealing, is a compromise, 
the critical diameter being determined by experiment. The relatively large 
size of the window makes it capable of withstanding RF voltage breakdown 
even at very high power. 

Control of the output coupling is most readily effected by varying the 
width of the slot in the H-section. The over-all transformation properties 
of the H-section have been analyzed theoretically and the results confirmed 
by measurements on output circuit models. By means of this analysis 
it is possible to estimate fairly well the effect of changes in the slot width 
upon the pulling figure. To hold the latter within production limits of 
+ 2 mc/s, the slot must be held to +0.001 in. 

The output circuit of the magnetron is formed by building up the as- 
sembly from sections in what has been called a “sandwich” type construc- 
tion. The resonator system and the central portion of the output H-section 
are machined into one slab of copper. The “sides” of the H-section are 
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milled into this piece on either end. This center slab is ‘‘capped” on each 
end by a slab of copper, in which are contained the magnet pole pieces 
and appropriate surfaces on which to build the rest of the magnetron. Some 
of the details of this structure may be seen in the cutaway model of Fig. 75. 

Despite the large impedance transformations involved, the output cir- 
cuit is quite frequency insensitive. As it appeared that these magnetrons 
might be made tunable, considerable attention was paid to this characteris- 
tic. Numerous tests of the output circuit and its component parts were 





Fig. 73—An external view of the 4J50 “packaged” magnetron (280 kw., 9375 mc/s). 
Note the circular glass window in the wave guide output circuit and rugged axial input 
lead which requires no external protecting boot. 


made over the 8500-9600 mc/s band. The iris and quarter wave length 
guide section were studied theoretically in this regard as well. The trans- 
former properties of the window and choke coupling combination is the 
most frequency sensitive part of the entire output circuit. By adjustment 
of the distance from the H-section to the window, it was found possible to 
cancel some of the sensitivity of the two parts. 

External views of the 4J50 (4J78) and the 4J52 magnetrons are shown 
in Figs. 73 and 74 respectively. The internal view of the 4J52 is shown 
in Fig. 75. 

Except for magnet size and cathode supporting structure all three of 
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these magnetrons are essentially identical. Geometrical and performance 
data are given in Table III. As may be seen, these magnetrons represent 
an increase in power capabilities by a sizable factor over the 725A. The 
4J52 magnetron has been used extensively under the severe conditions of 
5 us pulse duration, a repetition rate of 200 pulses per second, 15 kv. and 
15 amps. input. Under these conditions it has not been possible to elimi- 
nate entirely a tendency to arc, although good performance is obtained. 





Fig. 74—The 4J52 “packaged” magnetron (100 kw., 9375 mc/s). 


In most respects these magnetrons represent the optimum achieved in 
magnetron design for wavelengths near 3 cm. during the war. Largely 
because of the lack of hampering electrical and mechanical restrictions, 
it was possible to make use of all the latest and best techniques in the design 
of each of its parts. Thus each possesses the desirable features of “pack- 
aging,” axial cathode mount, wave guide output, and high efficiency at 
low pulling figure. 


20. MAGNETRONS FOR WAVELENGTHS NEAR 1 CENTIMETER 


20.1 Preliminary Work: Intensive work on magnetrons for wavelengths 
near 1 cm. began when a joint program with the Radiation Laboratory at 
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Columbia University was undertaken to prepare for manufacture a variation 
of a magnetron developed there. Prior to this, some work primarily of an 
exploratory nature had been done in our Laboratories. When it had been 
demonstrated that scaling from the 10 cm. range yielded an efficient 3 cm. 
magnetron, similar attempts were made in scaling to wavelengths of 1 to 2 
cm. Magnetrons of such wavelengths, obtained by scaling from eight 








a re 


Fig. 75—A view of a cut-away 4J52 “packaged” magnetron (100 kw., 9375 mc/s) 
which in internal details is essentially like the 4J50 magnetron (280 kw., 9375 mc/s). 
Of special interest are: the axial cathode construction including permendur end pieces 
and radiative extension; the quarter wavelength transformer of H-shape cross section 
(between the output resonator and the line wave guide); and the wave guide window con- 
struction with associated chokes. 


resonator, 10 cm. models like the 706A-C, were unstrapped while others 
were strapped with the early British type of strapping and with double ring 
type strapping. Others were made by scaling from twelve resonator, 3 cm. 
models and were strapped with both double and single ring straps. The 
output circuits used were of the loop and coaxial type. 

Although some of these magnetrons were faulty, primarily in their output 
circuits, the majority oscillated. One magnetron of the unstrapped eight 
resonator variety, the most successful type, was operated over a consider- 
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able period in our Laboratories. Although no magnetron was developed 
for manufacture from this work, the experience gained was very useful in 
the concurrent work at 3 cm. where a similar development program of 
small magnetrons was under way. Specific developments in this category 
which should be mentioned are: the use of inserts in which the magnetron 
resonator system is machined, separable from the rest of the magnetron 
structure; the use of a double lead cathode input seal to reduce over-all 
thickness; assembly tools for cathode and strap alignment; and the work 
with small oxide coated cathodes. The work was discontinued here be- 
cause of extensive commitments for work at 3 cm. and because an active 
and successful program of development of magnetrons near 1 cm. wave- 
length was under way at Columbia University. 

The work at the Columbia Radiation Laboratory from the start had been 
concentrated on magnetrons of very short wavelength. The first Columbia 
magnetron that was reasonably successful was unstrapped, having a vane 
type resonator system. It was manufactured in small quantities as the 
3J30. Later, the “rising sun” resonator system was discovered there 
3J30. Later, the “rising sun’”’ resonator system was discovered as a means 
of obtaining mode frequency separation. The small scale manufacture was 
then shifted to the new anode structure, the new magnetron being the 3J31. 
It was a satisfactory magnetron operating at about 14 kv. and 14 amps., 
in a magnetic field of 7200 gauss, at a pulling figure of approximately 25 
mc/s, and a power output of about 35 kw. The magnetic field was obtained 
by an external, separable magnet. The cathode was supported by the 
conventional radial leads. 

In addition to the work on the “rising sun” structure, work had continued 
at the Columbia Laboratory on strapped resonator systems for use at 
wavelengths near 1 cm. Performance of these magnetrons was quite 
comparable to that of the “rising sun” variety. 

20.2. The 321 Magnetron: The Bell Laboratories undertook, in collabo- 
ration with the Columbia Laboratory, to design a ‘“‘packaged”’ version of 
the 3J31 magnetron for manufacture by the Western Electric Co. At the 
time, it had not been decided whether the new magnetron should have a 
strapped or a “rising sun’’ resonator system. Considerations having 
primarily to do with manufacturing techniques indicated the latter to be 
preferable although the former would have been possible. Accordingly, 
work was started on a “‘packaged”, “rising sun” magnetron to oscillate at 
1.25 cm. wavelength (24,000 mc/s). It was to have wave guide output like 
the Columbia model and axial cathode mount dictated by the ‘“‘packaged” 
construction. Operating conditions were to be 15 kv., 15 amps., a pulling 
figure of 25 mc/s, and as much peak power as could be obtained. It was 
coded the 3J21. 
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In the development of the 3J21, the ‘‘rising sun”’ resonator system used by 
the Columbia Laboratory was adopted practically without change. The 
ratio of the natural frequencies of the large and small resonators is approxi- 
mately 1.8. The anode diameter is 0.160 in. and the anode length 0.190 in. 
The structure is fabricated by the so-called ‘“chubbing’’ technique,” which 
had been brought to a high state of development at the Columbia Laboratory 
for the purpose. In this technique, a hardened steel die or hub, machined: 
to be the ‘‘negative’”’ of the desired contour, is forced by high hydraulic 
pressure (of order 250,000 Ib./sq. in.) into a copper blank. The hubbed 
blank, after trimming and turning to size, becomes the resonator system 
and body of the magnetron. The proper contour to receive the wave guide 
output circult is then bored. 

The cathode of the 3J21 magnetron has a diameter of 0.096 in. and a 
length of active coating of 0.165 in. At 15 amps. peak current, the current 
density at the cathode surface is about 50 amps./sq. cm.—a considerably 
higher value than that in magnetrons of longer wavelength. -Furthermore, 
the back bombardment of the cathode in this magnetron is about 10 per 
cent of the input power as compared to the 3 to 6 per cent in longer wave- 
length magnetrons. For these reasons, the cathode was one of the severest 
problems of the whole design. 

The first axially mounted cathodes were supported on Kovar tubes sealed 
to the input glass structure. The heater lead was carried down the center 
of this tube through a glass bead in the input end. The structure resembled 
that of the 2J51 seen in Fig. 71. Since the hole through the magnetic pole 
piece was initially 0.100 in. and the cathode end disks 0.130 in. in diameter, 
the cathode was assembled onto its support after the Kovar tubing was in 
place. However, in quantity production the cathode could better be 
assembled as a unit before attachment to the outer glass and pole piece 
structures. At the expense of magnetic field strength and uniformity, the 
hole in the pole piece was enlarged to accommodate the entire cathode 
structure. No ill effects were observed and no special features such as the 
permendur cathode end structures of the 4J50 magnetron were found 
necessary. 

The problem of the dissipation of the considerable heat of back bombard- 
ment was complicated by the necessity of activating the cathode at a 
temperature of 1050°C. The requirements of heat dissipation and activation 
oppose one another, one calling for low thermal impedance of the cathode 


°*6 The technique is here called “hubbing” rather than hobbing for two reasons: The 
term hobbing has a meaning in machine practice quite apart from the technique in ques- 
tion. The term hubbing is used for processes in which the interior of a piece is removed by 
forcing a member into it. It presumably arose from the early practice of making axle 
holes by forcing a hardened steel member through the wrought iron wheel hub. Further- 
more, it has an analogous usage in coining. : 
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support, the other, high. To meet each requirement satisfactorily with 
the first cathode structure was found very difficult if not impossible. 

A major step forward was taken in the design of the so-called “soldering 
iron” cathode in which the heater element is placed in a larger part of the 
cathode lead, heat being conducted to the cathode surface through a solid 
rod. The cathode itself is solid, making for greater rigidity and lower 
thermal impedance. The heater element is placed where it may be made 
considerably larger and more rugged than if placed inside the cathode, whose 
diameter is 0.096 in. A view of the 3J21 magnetron cathode structure is 
to be seen in Fig. 78. The heater is contained within the section of larger 
diameter immediately adjacent to the cathode. 

The “soldering iron” cathode presented more difficult problems of heat 
conduction and dissipation than the older design. For an operating tem- 
perature of 800°C at the cathode surface, it is necessary to heat the heater 
chamber to about 1000°C, whereas the necessary activation temperature of 
1050°C requires the temperature of the heater chamber to be about 1300°C. 
As a result, rather careful design to provide the proper balance between 
heat losses by conduction and radiation was necessary. Radiation losses, 
which are the more important type, are increased by extending the cathode 
rod considerably beyond the active surface, as seen in Fig. 78. The cathode 
should also have good thermal conducting properties in this extension, 
throughout the main cathode body, heater chamber, and support. Under 
normal operating conditions the heater is turned off, cathode heat being 
supplied solely by back bombardment. 

It is apparent that a cathode design of this type calls for a careful choice of 
materials. They must be highly refractory as well as of good thermal 
conductivity and structural strength. Copper, silver, and nickel do not meet 
all of these requirements. The first cathodes of promise were turned from 
solid stock of so-called machinable molybdenum, complete with cathode 
end disks and heater chamber. The heater end was brazed to a Kovar 
detail, subsequently welded to the support cone of the type developed for 
the 4J52 magnetron. However, molybdenum machines poorly. The toler- 
ances on size did not permit of large scale production of precision molyb- 
denum parts. Consequently it was proposed to make the cathode of 
tungsten rod which could be ground to shape even on a production basis. 
The cathode end disks were to be punched or turned from molybdenum or 
Kovar and brazed to the tungsten rod. The tungsten rod extends into a 
hollow molybdenum heater chamber, the dimensions of which are not criti- 
cal. Inside the heater chamber the heater coil encloses the protruding 
tungsten rod so that better heat conductivity from the heater to the cathode 
is provided. The heater is brazed to the cathode at one end in the braze 
between the tungsten and molybdenum. The other end is spot welded to 
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.a heavy central support lead inside the Kovar cone through a hole pro- 
vided in the cone. The input end of the heater chamber is flared to ac- 
commodate the Kovar support cone to which it is brazed. All of the ma- 
terials are thus of good structural strength. The tungsten and molybdenum 
are good thermal conductors, the Kovar not. Some parts of the cathode 
were grit blasted to increase their radiative emissivity. 

The total axial motion of the cathode by thermal expansion from cold 
start to operation is 0.008 in. The cathode is offset axially by this amount 
when installed. 

The cathode surface consists of a nickel matrix base, like that developed 
for the 725A magnetron, into which the active coating is impregnated. 
Attempts were made to increase the thermal conductivity through the 
0.008 in. thickness of matrix. Larger particle size was used. Ball milling 
the nickel powder before sintering resulted in more dense particles. A later 
improvement was effected by making the matrix oversize by a mil or two, 
impregnating it with the active coating, and then compressing it to size 
ina mold. This procedure also resulted in a surface far superior in smooth- 
ness and regularity to that previously obtained. 

_. The first output circuit used in the 3J21 magnetron, like that in the 
Columbia model, involved a quarter wave length transforming section 
of low characteristic impedance (about 20 ohms), extending from an iris 
in the “back’’ of one of the large resonators directly into the output wave 
guide, This section was 0.350 in. high and about 0.0125 in. wide. It 
was made by milling a slot into solid bar stock, the top of which was closed 
by brazing on a copper plate. A quarter wavelength section of this line 
was brazed between the anode body and the output wave guide piece which 
carried the choke joints and wave guide window seal. This latter piece was 
fabricated by hubbing a rectangular wave guide in a copper cylinder into 
which the circular choke was later turned. The wave guide window con- 
sisted of a circular glass disk sealed into a Kovar cup like that used in the 
4J50 magnetron (compare Figs. 77 and 75). In the 3J21, as in the 4J50, 
the external choke facing the wave guide window and a short section of 
wave guide were later incorporated as part of the magnetron. 

Holding the pulling figure of the operating magnetron to a specified value 
presented a serious problem. The problem was one of securing uniformity 
of the narrow transformer section and, to some extent, of the resonator to 
which it is attached. A variation of 1 mil in the width of this transformer 
produced 3 mc/s change in the pulling figure. Even with an improved 
mechanical design, the spread in output characteristics was uncomfort- 
ably large. Part of the difficulty resulted from the formation of solder 
fillets in the transformer section during brazing, the size of which could not 
easily be controlled. A rigid inspection of both electrical and mechanical 
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properties of each magnetron before sealing and pumping was an absolute 
necessity to insure reproducibility. The use of an iris coupling between 
the resonator and the wave guide presented a possible solution. However, 
the iris required would be too large to be placed directly at the back of the 
resonator. It was proposed to put a hubbed rectangular resonant iris at 
the'back of the resonator and a decoupling iris a half wave length distant 
in the wave guide. This construction provided a resonant cavity between 
the two irises in which the storage of energy would provide some degree of 
frequency stabilization. The structure of this output circuit may be seen 
in the photograph of a cutaway model in Fig. 77. Both higher efficiency of 





Fig. 76—An external view of the 3J21 “packaged” magnetron (60 kw., 24,000 mc/s). 


operation and lower pulling figure than obtained with the earlier circuits 
resulted. As average values, an increase in over-all efficiency from 24 to 
28 per cent and a drop in pulling figure from 25 to 18 mc/s may be cited. 

The RF voltage breakdown strength of the wave guide window was 
marginal. A new design developed at the Columbia and M. I. T. Labora- 
tories, incorporating a larger window and “‘streamlined” wave guide con- 
tours adjacent to it, was modified slightly and used in the 3J21. 

The magnetic pole gap was made 0.290 in. This was as small as was felt 
practical. This and other steps were taken in an effort to save as much 
as possible on magnet weight. 

The mechanical problems connected with the fabrication of the 3J21 
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magnetron resulted largely from the small tolerances it was found necessary 
to impose. The tolerance allowed on radial location of the cathode was 
-£0.002 in.; on transformer slot width (when this output was used), +0.0005 
in.; and on dimensions of the anode structure, +0.001 in. Deformations, 
such as those produced by placing # magnetron with slightly misaligned pole 
pieces on a strong magnet, had to be carefully avoided. The importance 





Fig. 77—An internal view of the 3J21 “packaged” magnetron (60 kw., 24,000 mc/s). 
Note the “rising sun” resonator system, the stabilizing cavity in the wave guide output 
between a rectangular resonant iris at the “back” of the output resonator and a circular 
decoupling iris a half wavelength distant, and the beveling of the wave guide edges adjacent 
to the wave guide window. 


of cathode alignment, for example, may be seen from the fact that across the 
anode-cathode space, which in the 3J21 is only 0.032 in., there is an operat- 
ing voltage gradient of 165 kv./in. This gradient is doubled in the region 
where the cathode support passes through the hole in the pole piece, at 
which point there is a nominal clearance of 0.015 in. Thus the elimination 
of small burrs and small radii was essential. 

An external view of the 3J21 magnetron is shown in Fig. 76, an internal 
view in Fig. 77. Operational and other data are to be found in TaBLe IV. 


340 BELL SYSTEM TECHNICAL JOURNAL 


The principal operational problems encountered in the 3J21 magnetron 
were the occurrence of so-called “‘gassy tubes” and some difficulties with 
“moding.” Despite numerous precautions taken during fabrication, gas, 
identified spectroscopically as hydrogen, was evolved during operation 
in a discouragingly large number of magnetrons during the developmental 
work. By the use of a zirconium getter attached to the cathode support 
cone the difficulty could be circumvented. Also it had been found possible 
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to “clean up” a gassy tube temporarily by running the cathode very hot. 
This led to a pumping cycle which greatly reduced the occurrence of hy- 
drogen. 

Considerable effort was expended in attempting to track down the source 
of the hydrogen evolution. The iron pole pieces were found to be the 
major offender, but some hydrogen was evolved from other parts including 
the cathode. Cleaning and plating solutions release atomic hydrogen 
which readily permeates the iron pole pieces and other parts. Various 
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methods of treating the parts, such as preglowing in vacuum, were used. 
These largely eliminated the difficulty. 

An interesting feature of the problem was the relatively infrequent oc- 
currence of hydrogen in magnetrons built at the Western Electric Co. 
The reason for this was finally traced to the precaution, prescribed by the 
safety engineers, that the sintering of the copper plate on the pole pieces 
be done in an atmosphere of 95 per cent nitrogen and only 5 per cent hy- 
drogen, All sintering and brazing operations in our Laboratories had been 
done in a 100 per cent hydrogen atmosphere. Pole pieces sintered in the 
predominantly nitrogen atmosphere were found to be nearly as free of hy- 
drogen as the vacuum preglowed parts. However, the use of the zir- 
conium getter was continued in models built at the Laboratories as added 
insurance against recurrence of the difficulty. 

The other operational fault of the 3J21 magnetron was a tendency to 
oscillate in a mode other than the + mode under certain circumstances. 
Examination of a large number of magnetrons, opened after operation, 
showed that the only observable causes were resonator distortion, the presence 
of brazing flux or other foreign material, and off-center cathode location. 
As in other magnetrons, the tendency to “mode” was greater when heavily 
loaded or when operated with a sharply rising voltage pulse. Western 
Electric engineers concluded, as the result of an extended study of magne- 
trons in which the cathode position was changed during operation by 
flexing the input lead, that a cathode position 2 to 3 mils off center toward 
the output resonator was desirable. A tool was developed with which a 
permanent change in cathode location could be made on operating magne- 
trons. By its use many “mody” magnetrons were reclaimed. 

An interesting phenomenon, discovered during the development of the 
3J21 magnetron, is that known as the “cold start.” Whereas most magne- 
trons may be started with difficulty with a cold cathode, the 3J21 was found 
to start readily under these conditions over several discrete bands of mag- 
netic field intensity. Although the phenomenon is not well understood, 
some correlation with the work of Posthumus" has been made. 

In making tests on the 3J21 magnetron at a duty cycle of 0.001 anda 
pulse duration of 0.1 us, the cathode was found to operate at a consider- 
ably higher temperature than at 0.5 us pulse duration and the same duty 
cycle and average input power. This behavior has since been observed in 
the 725A and 4J52 magnetrons. It is thought to result from unfavorable 
conditions during the periods of rise and fall of the voltage pulse, which 
become a greater percentage of the total pulse duration as the pulse dura- 
tion is reduced. The effect presumably would not appear if the pulse 
shape were truly rectangular. With present modulators, however, it 
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presents a lower limit on pulse duration which may be employed and further 
complicates the cathode cooling problem. 


21. MAGNETRON CATHODES 


From the start of its work with centimeter wave magnetrons, the Bell 
Laboratories has been engaged in an extensive program of magnetron 
cathode testing and design. The range of cathode size is illustrated in 
Fig. 78. The largest cathode, shown at the extreme left, is that of the 5J26 
magnetron, operating at about 23 cm., the smallest, that of the 3J21 magne- 
tron operating near 1 cm. The range of operating conditions to be met, 
as well as the magnitude of the problem at shorter wavelengths, is illus- 
trated by these two extremes. The cathode of the 3J21 magnetron, al- 
though its surface area is only 0.31 sq. cm., is called upon to deliver peak 
currents comparable to those demanded of the cathode of the 5J26, having 
a surface area of 17.1 sq. cm. The ratio of current densities is 25 to 1. 
The peak back bombardment of the two cathodes is comparable. Other 
cathodes shown in Fig. 78 operate under conditions intermediate between 
these extremes. Needless to say, the 5J26 cathode is operated quite con- 
servatively, the 3J21 cathode under extremely severe conditions. 

Little difficulty with cathodes has been experienced in pulsed magne- 
trons above 10 cm. wavelength. For the most part they are plain, nickel 
sleeves coated with active material. The highest emission density (10.1 
amps./cm.?) used successfully with this type of cathode was in the 
720A-E, which operated satisfactorily at 1 ys but was not satisfactory 
at 5 us. The operation at 5 us required a modification of the cathode as 
described. When the simple sprayed cathode was tried in developmental 
models of the 725A magnetron, the life at 1 us was of order 10 hours. At 
the high emission density required (approximately 30 amps./cm.*) the active 
coating was rapidly lost as a result of arcs, and frequently the nickel support 
itself was fused and vaporized. 

The problem of arcing to the cathode surface in small magnetrons was 
soon recognized as the most important cathode problem. It prevented 
steady operation and hastened destruction of the cathode surface and the 
end of useful magnetron life. All of these cathodes were found to require 
an initial break-in period during which the arcing is particularly violent. 
As the input voltage and current are gradually increased, the violent 
arcing gradually subsides. The tendency to arc at any time subsequent to 
this initial period depends on the nature of the cathode surface, but beyond 
that, it depends also on the operating conditions to which the magnetron 
is subjected. Increase in power input, either as increased voltage or current, 
or both, rapidly increases the frequency of arcs. Similarly, increased pulse 
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length makes the arcing much worse; in the 725A for example, changing 
the pulse length from 1 ys to 2 us may increase the arcing rate by a factor 
of 10 to 20. A decrease in recurrence rates with some types of cathodes 
also causes a noticeable increase in the rate of arcing. 

In the great majority of cases, magnetron cathodes have employed coat- 
ings of the ordinary strontium and barium carbonates as the source of 
primary and secondary electrons. All-metal, secondary emitting cathodes 
with primary emitting, starter cathodes have been tried in some labora- 
tories with some success but have not yet come into general use. The efforts 
at the Bell Laboratories have been directed toward developing and im- 
proving the oxide coated cathode along lines making it more nearly possible 
to satisfy requirements (3), (4), (5), and (6) listed in Section 10.7 Magne- 
tron Cathodes of PART I without impairing the ability to meet require- 
ments (1) and (2). 

Most of the cathode developments were made in connection with the 725A. 
This magnetron served as a convenient “laboratory” or “proving ground” 
for magnetron cathode studies. Its cathode is small enough and the de- 
mands made upon it stringent enough to make apparent any cathode weak- 
nesses and any improvements which may be made. A largenumber of life 
racks were kept in constant operation for 725A magnetron life tests over a 
long period of time under various conditions in which the sabes were 
generally run to destruction. 

Attempts were made to make the data reproducible by seis the 
activation, by controlling the initial break-in of the operating magnetron, 
and by devising means of quantitatively determining some measure of the 
adequacy of any given cathode. The last of these items involved the de- 
velopment of an automatic counter which registers the number of arcs or 
bursts of arcs which cause the current to exceed a predetermined value. By 
recording the accumulated number of arcs at intervals throughout the life 
of the magnetron, it is possible to get a picture of the arcing pattern with 
life. Such counters have done much to put the life testing and initial break- 
in of magnetrons on a semi-quantitative basis. The smoothed curves shown 
in Fig. 80 were obtained through the use of these counters. 

Early attempts at building a cathode upon which sufficient active material 
may be held, made at both the M. I. T. Radiation Laboratory and the Bell 
Laboratories, involved winding coated cathodes with nickel wire to provide 
a reservoir of active material under the wires. In this manner, the material 
was protected from direct arcing effects, allowing the active material to 
migrate slowly to the outside surface of the wires. This general idea was 
greatly improved upon when the wire winding was replaced by a woven nickel 
mesh into the interstices of which the active material was packed. The 
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nickel mesh, being spot welded or sintered directly to the nickel base, formed 
a part of the cathode foundation, helping to reduce the coating resistance. 
It was found that arcs, rather than striking directly to the active material, 
tended to strike to the nickel wires. In spite of this fact, sudden bursts of 
current in arcing would erupt some of the active material from the cathode. 
The mesh used in the 725A cathode is made of 6 mil nickel wire woven 
with 75 wires to the inch. The radial thickness of the mesh on the cathode 
is 10 mils. The average amount of active double carbonate mixture which 
the cathode holds is 23 mg. per sq.cm. The mesh cathode is shown in Fig. 
79 in three stages of its fabrication. With this cathode, it was possible to 





Fig. 79—725A cathode construction. Shown are: (1) the heater element; (2) the 
machined nickel cathode blank; (3) the cathode blank with the nickel wire mesh, welded 
or sintered in place; (4) the mesh type cathode with oxide coating applied, cut away to 
show heater element in place; (5) the more recent cathode with sintered, nickel powder, 
matrix base (uncoated). 


produce 725A magnetrons having a guaranteed life at rated operating 
conditions of at least 500 hours, the average value being considerably higher. 
The arcing characteristic of the mesh cathode, excluding the initial break-in 
period, is shown in Fig. 80. The abrupt failure is typical of magnetron 
cathodes. At shorter pulse lengths failure occurs considerably later but in 
the same abrupt fashion. The life curve of the early type of cathode con- 
sisting of an oxide coated nickel cylinder, if plotted with the data on other 
cathodes in Fig. 80, would be crowded very close to the axis of zero hours. 

Even with cathodes of mesh construction, operation of the magnetron 
was generally inadequate at 5 ys pulse duration. Furthermore, consider- 
able break-in time was necessary before stable operation at 1 us pulse dura- 
tion was achieved. Some of the first mesh cathodes used in the 725A, 
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for example, took as long as 45 minutes of intense arcing during gradual 
increase of input voltage and current before satisfactory operation was 
attained. It seemed unlikely that the arcing during the break-in period 
could be completely eliminated, but it was found that improvements in 
cathode construction which made steady operation at higher current 
possible also reduced the time of initial break-in to attain these conditions. 

It appeared that the resistance of the cathode coating might be lowered 
by distributing nickel more uniformly throughout the coating. Accord- 
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Fig. 80—Curves of arcing during life for 725A magnetrons, having various types o 
cathodes, operating at 5.7us pulse duration, 165 pulses per second, and 210 kw. peak powe 
input. It is to be emphasized that these conditions are considerably more stringent than 
the normal operating conditions. Curve (a) is for a cathode having oxide coating on a 
nickel wire mesh base; curve (b), metallized coating on a nickel wire mesh base; curve (c), 
either plain oxide or metallized coating on a sintered, nickel powder, matrix base. 


ingly, mesh cathodes were coated with a mixture of double carbonates in 
which was distributed a fine nickel powder of high purity having an average 
particle size of 2 microns. The carbonate particle size is between 1 and 2 
microns. The amount, found not to be critical, was 55 per cent by weight 
of the combined dry ingredients of the coating mixture. Although this 
reduced the amount of active material present on the cathode surface, as 
seen in Fig. 80 it resulted in a cathode having considerably improved arcing 
characteristics with considerably longer useful life. This cathode con- 
struction was adopted finally for the 725A production and was also utilized 
in the 10 cm. high power magnetrons, the 4J45—-47, for operation at 5 ys 
pulse duration, 
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The next step in the development was the replacement of the nickel mesh 
by a sintered matrix of coarse nickel powder (see Fig. 79). The average 
particle size was 55 microns. The active material is packed into this 
matrix in much the same manner as in the mesh cathode. Little difference 
was observed in the addition of fine nickel powder to the active coating in 
this type of cathode. The matrix cathode has the best life characteristic 
of any yet devised for the magnetron oscillator. Its life characteristic is 
shown in Fig. 80 with those of the earlier types. 

The sintered matrix type of cathode has been used extensively in the 
4J50 and 4J52 magnetrons at 3 cm. and in the 3J21 magnetron at 1 cm. 
In these cathodes, it was important to have high heat dissipation. This 
was achieved by designing a high thermal conductivity support and pro- 
viding considerable radiating area immediately adjacent to the cathode 
surface by extending the cathode, as shown in Figs. 75 and 77, into the pole 
piece opposite that carrying the cathode mount. 
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High-Vacuum Oxide-Cathode Pulse Modulator Tubes 
By C. E. FAY 


INTRODUCTION 


N PRACTICALLY all pulsed oscillators such as those used in radar, 
some means must be provided to apply the pulse voltage to the oscil- 
lator circuit. In many early radars, a high-vacuum modulator was used 
for this purpose. The pulse was generated at low power level and then 
amplified by means of one or more stages employing high vacuum tubes. 
The final stage was required to block, or cut off the d-c supply voltage with 
no pulse applied, and to permit as much as possible of the d-c voltage to 
appear on the oscillator during the pulse. Since most radar oscillators 
operate at pulse voltages of from 5 to 20 kv and require currents of several 
amperes during the pulse, the requirements of the modulator tubes are quite 
severe. Standard transmitting! tubes were used at first, the higher power 
tubes having the necessary voltage rating and having in general a fair 
amount of cathode emission. Tubes were operated in parallel to provide 
the required amount of current. Practically all of these tubes were of the 
thoriated tungsten filament type. For example an early army radar, the 
SCR268,? employed 8 ‘tubes in parallel having a total filament power of 
1040 watts to provide a pulse current of about 10 amperes. The use of 
such equipment in portable or airborne service would be obviously imprac- 
tical because of the large power consumption, bulk, and weight. In an 
attempt to provide tubes more suited to this type of service, those described 
in this paper were developed. 


TuBe REQUIREMENTS 


The function of the high-vacuum modulator tube essentially is to act as a 
switch to turn the pulse on and off at the transmitter in response to a con- 
trol signal. The best device for this purpose will be the one which requires 
the least signal power for control and which allows the transfer of power with 
the least loss, from the transmitter power source to the oscillator. 

If the oscillator must be supplied with a pulse of voltage E, and current 
I,,* or power Ep/>, then the voltage which must be supplied by the trans- 
mitter power supply will be EZ, = Ep + ep, Fig. 1, if ep represents the voltage 


+ It is assumed here that the pulse is rectangular in shape. This is usually the desired 
shape and is fairly well approximated in most cases. 
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drop in the modulator tubes necessary to allow current J, to pass. The 
plate efficiency of the modulator is then simply z and the power dissipated 


in the modulator tube plate is J,e, during a pulse. The average power dis- 
sipated in the plate is then J,e, multiplied by pulse length and by pulse 
frequency. The heat storage capability of the plate is ordinarily great 
enough that the average power is all that needs consideration. 

The conditions imposed on the modulator tube are somewhat analogous 
to those of a class C amplifier at low frequency. The main difference is 
that the angle of operation is very small, and there is usually no appreciable 
backswing of plate voltage since the load is essentially a resistance. Typical 
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Fig. 1—Current and voltage relations in a pulse modulator tube. 


modulator circuits are shown in Fig. 2. It is sometimes found desirable to 
employ a shunt inductance across the oscillator in the interest of a sharp 
cutoff of the pulse on the oscillator, particularly where capacitances to 
ground of various circuit components are appreciable. This results in an 
additional current demand on the modulator tube since the current through 
the inductance must also be supplied. The oscillator is often coupled to 
the modulator circuit by means of a transformer in order that desirable im- 
pedances are realized in each circuit. 


DrsicN CONSIDERATIONS 


It was apparent on first consideration of the high-vacuum modulator 
problem that use of oxide coated cathodes would be of enormous advantage 


820 BELL SYSTEM TECHNICAL JOURNAL 


in keeping power requirements down. Heretofore the use of oxide cathodes 
in high voltage power tubes had been found very difficult, particularly 
where filamentary cathodes were employed. Any spark or momentary 
discharge in operation usually resulted in the burning out of the relatively 
fragile filaments. This result was caused mainly by the fact that a con- 
siderable amount of energy was of necessity available from the power supply 
equipment. However, in pulse service it is possible to limit the amount of 
energy available so that a’ momentary tube breakdown will not result in 
damage to a reasonably rugged equipotential cathode. Also, in the interest 
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Fig. 2—Typical pulse modulator circuits. 


of conserving control power it is desirable to build high perveance tubes 
which require very close control-grid to cathode spacings. This is much 
more easily accomplished with rigid cathode structures rather than fila- 
mentary cathodes, especially for service conditions under which extreme 
shock and vibration may be encountered. 

Conservation of drive power requires that the modulator tube have high 
power-gain. This is most easily provided in the tetrode which provides a 
high over-all amplification factor with reasonable drive characteristics. 
Lining up the control-grid and screen-grid wires is of course advantageous 
in the interest of minimizing screen dissipation and getting the largest 
possible portion of the cathode current to the plate. The control-grid to 
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plate capacitance is of little importance as long as it does not store much 
energy, there being little chance for oscillation in such a circuit. While it is 
desirable to operate with as low a minimum plate voltage as possible, it is of 
little additional advantage to bring the plate voltage below the screen volt- 
age if the screen voltage is about 1000 volts and the supply voltage 15 kv. 
It was therefore thought permissible to increase plate to screen spacing 
beyond the optimum for best characteristics in the interest of high voltage 
and screen dissipation ratings. 

The insulation in the tube between plate and other electrodes must be 
capable of withstanding the full supply voltage plus a comfortable margin. 
This dictates that if internal insulators are used they must have long path 
and that the bulb must have sufficient length to prevent flash-over ex- 
ternally. 


Tue 701A Vacuum TUBE 


At the time of this development a tube was very urgently needed for a 
Navy radar application? Since speed was of prime importance it was de- 
cided to take parts of a standard oxide-cathode beam-power tetrode, 
Western Electric 350A, and mount them in a structure capable of with- 
standing the required voltage; 12 kv in this case. Accordingly a cruciform 
structure was designed in which four sets of 350A electrodes were mounted 
on ceramic members attached to a molded glass dish-stem as shown in 
Figure 3.° The four cathodes have a total coated area of approximately 14 
square centimeters. A molybdenum plate of cruciform section mounted 
from a lead-in at the top of the bulb was used. This construction elimi- 
nated internal insulators between plate and grids other than the bulb. 
The control-grid of the 350A is normally gold plated to inhibit primary 
emission. This feature was retained in the 701A and the screen-grid also 
gold plated, The plate to screen-grid spacing was increased over that 
normally used in the 350A in order to allow somewhat better cooling of the 
grids and to allow greater clearance for high voltage reasons. This made the 
characteristics depart from good “beam tube” performance but at the high 
voltage condition of operation this was of little consequence. Character- 
istic curves of the 701A indicating performance under both high voltage 
and low voltage conditions are shown in Fig. 4. Since no experience was 
available at the time of this development to indicate what currents could 
safely be drawn from the cathodes under pulse conditions, the matter of 
rating these tubes was mainly guesswork since time was not available to 
await the outcome of life tests under various conditions. The ratings put 
on the 701A are as shown in Table I. 

For the immediate application in hand, which required 12 ampere pulses 
at about 10 kv, it was decided to specify two 701A tubes operating in paral- 
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E. Fig. 3—The 701A vacuum tube. 
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Fig. 4—Characteristics of the 701A vacuum tube. 
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lel. The pulse in this case was. trapezoidal having a base width of about 
4u seconds and a top width of about 1.75 y seconds; repetition rate was 1600 
per second. When the tubes were operated under these conditions there 
was customarily some sparking within the tube in the first few minutes and 
then it apparently “aged in,” and operated satisfactorily. At the rated 
heater voltage, the cathodes operated at about 800°C (brightness). This 
temperature would normally provide a cathode life of more than 1000 hours. 
Life tests in the laboratory indicated satisfactory performance for about 
2000 hours. Reports from the Navy were difficult to ebtain but those 
which were obtained indicated similar results. End of life was caused by 
both loss of cathode emission and by primary grid emission. Mechanically 
the tube proved to be reasonably rugged for normal service. However, 
shocks sustained in shipment of tubes caused mechanical misalignment in 


Taste I 


TABLE oF Ratincs oF OxmE-CATHODE 
PutsE Mopvurator TUBES 





Max. 


Peak | Peak | Peak | Plate | Screen | ..D¥tY, Capacitances 
Tube |Heater| Heater | piate | Screen | Plate | Dissi- | Dissi- | ple for 
ge Voltage| Voltage| Current | pation | pation] plate 


Current | Cia | Cout | Can 





Volts | Amperes| KV KV |Amperes| Watts | Watts mmf 
701A 8 7.5 12.5 | 1.2 10 100 15 | 0.005 | 56 | 11.5 |3.2 
715A 27 2.15 | 14 1.2 10 60 8 | 0.002 | 35 | 7 1.2 
715B 26} 2.10 | 15 1.25 15 60 8 | 0.001 | 35 | 7 1.2 
5D21 26 2.10 | 20 1.25 15 60 8 | 0.001 | 35| 7 1.2 
426XQ 8 | 7.5 25 1.5 20 150 15 | 0.001 | 46} 7.5 |0.6 





some cases, indicating a need for a more rugged structure for use in the 
armed services. 


Tue 715A TuBE 


The advent of airborne radar made the development of high power light- 
weight transmitters an urgent requirement. In this case long life was some- 
what subordinate to lightweight and small dimensions. Ruggedness was 
also a requirement. The electronic properties of the 701A tube were well 
suited for airborne radar but the large bulk was an extreme disadvantage. 
Work was begun on a tube using the same cathodes as the 701A but having 
a simpler and more rugged mechanical structure. Out of this evolved the 
715A tube. In this tube the cathodes were placed side by side and en- 
veloped by a single control-grid, screen-grid and plate. In order to provide 
the necessary ruggedness and to keep the grids cool, heavier grid wires 
were used and they were wound on very heavy supports of high heat- 
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conductivity material. Both grids were gold plated as in the 701A. All 
electrodes were mounted between two specially shaped ceramic insulators 
which provided a relatively Jong path between plate and grids. This 
structure is shown in Fig. 5. Heat radiating fins were attached to the ends 
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Fig. 5—The 715A vacuum tube. 


of the control-grid and screen-grid supports. The plate is molybdenum 
with zirconium coating on its outside surface. This coating was employed 
to increase the thermal emissivity of the plate in the interest of a low operat- 
ing temperature. It also serves to absorb some gas. The cathode, heater 
and grid terminals of the tube were brought out in the moulded-glass 4-Pin 
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Fig. 6—Characteristics of the 715A vacuum tube. 


base, and the plate terminal out the top of the bulb. This provided a 
very rigid structure which could stand extreme shock and vibration condi- 
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tions. Although this structure sacrificed something in electronic perform- 
ance over the 701A it still was quite satisfactory as a pulse modulator. 
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Fic. 6 (Continued) 


The characteristics of the 715A tube applicable to both high voltage and 
low voltage operation are shown in Fig. 6. It was found that in spite of 
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the internal ceramic insulators, satisfactory operation could be obtained at 
voltages as high as 15 kv. Since the 715A was designed primarily for air- 
borne applications it was found desirable to design the heater to operate 
directly from the aircraft’s storage battery which was a 24 volt battery. 





‘yy os 





Fig. 7—The 715B vacuum tube. 


It was also desirable that the equipment be operable when the charging 
generator was not running, at which point the voltage might be as low as 22 
volts, and also when the generator was charging and the voltage as high as 
28.5 volts. This required a compromise in the design of the heater which 
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tesulted in operation of the cathode at somewhat higher than normal tem- 
perature under rated conditions. The ratings of the 715A tube are given in 
Table I. : 


i. 
; 
i, 





Fig. 8—The 5D21 vacuum tube. 


Tue 715B TuBe 


Some applications developed which required a peak pulse current slightly 
greater and of longer duration than that for which the 715A was rated. 
Meanwhile more experience with the 715A and improvements in processing 
techniques indicated that a higher peak current rating was justifiable pro- 
viding the grid temperatures were not increased, 
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The 715B tube is essentially the same structure as the 715A except that 
larger radiating fins are attached to the ends of the grid support wires, 
Figure 7 shows the structure of the 715B tube. The characteristics were 
identical but the ratings were changed, as indicated in Table I. The life 
obtained in laboratory life tests under rated conditions averaged between 
500 and 1000 hours. Failure was usually caused by grid emission or loss of 
cathode emission. 
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Fig. 9—Non-linear coil modulator circuit with illustration of the current and voltage 
relations in the 5D21 vacuum tube. 


Tue 5D21 Tuse 


In response to the demand for further improvement of this structure in its 
ability to withstand higher voltage, the 5D21 tube was developed, Fig. 8. 
It is of the same family as the 715A and 715B. It was found that higher 
voltages could be used if the grid cooling radiators were removed from the 
top end of the tube. The cooling of the grid was maintained by providing 
copper wire connections from the bottom ends of the grid support wires to 
the base seals. This and the use of a specially designed plate terminal cap 
enabled the voltage rating to be raised to 20 KV. 
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Fig. 10—The experimental 426XQ vacuum tube. 


The 5D21 tube also found application as the control tube in non-linear 
coil type modulators.‘ Here the function of the tube was to permit passage 
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Fig. 11—Characteristics of the 426XQ vacuum tube. 
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of a moderately high current through an inductance and then suddenly to cut 
off the current and withstand the resulting voltage which built up across the 
circuit. A schematic of this type of circuit is shown in Fig. 9. In this cir- 
cuit the tube is required to pass about two amperes peak plate current 
which builds up over a period of about 150 microseconds. The d-c. volt- 
age under these conditions is about 1000 to 4000 volts and the screen volt- 
age may be obtained from the same source through series resistance. The 
grid is driven only slightly positive. Screen-grid dissipation is one of the 
limiting factors in this type operation. Primary emission from the screen 
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grid, being present when the plate rises to its very high potential, tends to 
discharge the circuit prematurely, the energy wasted appearing as heat at 
the plate. 


Tue 426XQ TusE 


Since there was considerable demand for tubes capable of operating at 
voltages as high as 25 KV, a tube was developed to operate at this voltage. 
The limit of the 5D21-715B type structure seemed to have been reached at 
about 20 KV. It was also desirable to increase the current rating of the 
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tube since in a laboratory test equipment a pulse power of 1.5 to 2 megawatts 
was needed. The laboratory number 426XQ tube shown in Fig. 10 was the 
result. Four of these tubes in parallel were capable of providing pulses of 
about 1.75 megawatts. In the 426XQ tube, the bulb used on the 701A 
was employed and the plate supported entirely from its terminal in this 
bulb. The same four cathodes were used, but were spaced farther apart 
than in the 715-type tube. Two separate control-grids and two screen- 
grids were used, each pair encompassing two cathodes. This allowed a 
reduction of dissipation per grid compared to the 715-type, otherwise simi- 
lar techniques were employed. The characteristics are shown in Fig. 11. 

The tentative ratings applied to the 426XQ are given in Table I. The 
allowable peak plate current was increased for this tube because the tech- 
nique of processing had improved so that a higher level of cathode activity 
was consistently realized. Also the greater spacing between cathodes and 
use of two sets of grids resulted in better grid cooling. The tube was not 
used in any radar equipment, because by the time it was available the trend 
in radar equipment was toward small, compact apparatus in which spark 
gap and transmission line modulators® found considerable application. 
The 426XQ proved very satisfactory in laboratory test equipment. One 
set of these tubes operated for somewhat more than 2000 hours. 


Tue CHEF PROBLEMS 


The difficulties experienced with this series of oxide-cathode pulse modu- 
lator tubes can be divided into three general classifications, namely: spark- 
ing, cathode emission, and grid emission. 

The sparking in these tubes can roughly be divided into two types, 
which may be called inter-electrode sparking and cathode sparking. Inter- 
electrode sparking is a discharge between two electrodes of the tube caused 
by the momentary breakdown of the insulation between them or by a gas 
discharge. If the breakdown of insulation is caused by light deposited films, 
the resultant discharge usually causes removal of the film and cures the 
trouble automatically, provided no other damage is done to the tube. Gas 
discharges from isolated pockets may be initiated by the high fields or by 
bombardment by stray electrons. If these pockets are not numerous they 
are usually dissipated after a few minutes of tube operation such that fur- 
ther sparking is very intermittent and probably not of sufficient intensity 
to interfere with operation. The gas so released is ordinarily taken up by 
the getter in the tube so that operation is not subsequently impaired. 

Cathode sparking may be caused by positive ion bombardment of the 
cathode or by poor adherence of cathode material when subject to electro- 
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static fields. This type of sparking usually does not clear up and when it 
becomes serious the tube must be replaced.’ It can be aggravated by spark- 
ing in the oscillator part of the radar system. There is some evidence to 
indicate that very high rates of rise of the pulse current drawn from the 
cathode may tend to produce cathode sparking. At rates of rise in excess 
of about 50 amperes per microsecond per square centimeter of cathode area 
a tendency for increased sparking has been noticed. 

Cathode emission, here as in any other tube, is governed by cathode 
temperature and other considerations such as quantity and kind of gas in 
the tube, the core material, coating material, and techniques of processing. 
No attempt will be made to consider these factors in this paper as they are 
sufficiently complex that no very clear cut dissertation can be given. Stand- 
ard core materials and coatings were employed with good results. It was 
found that the double carbonates (Ba, Sr) were less subject to sparking than 
the triple carbonates (Ba, Sr, Ca). The cleanliness and previous treatment 
of the other parts of the tube seemed to be the major factor in determining 
the level of emission obtained. 

Primary grid emission, or thermionic emission from the control-grid and 
screen-grid, was one of the most difficult problems in the development and 
production of these tubes. Many trials were made using different materials 
and coatings on the grids, but from all considerations gold was found to be 
the most satisfactory. The grids in all the tubes described here are gold 
plated or gold clad molybdenum. It is not considered that the use of 
molybdenum for the core material is necessary, it being used here mainly 
because it seemed to be the most economical material that had sufficient 
stiffness to maintain grid alignment. Materials that tend to alloy with 
gold easily are not suitable as it was found that gold alloys were not as good 
as pure gold on the grid surface. The limitation involved in the use of gold 
is that the temperature of the grid must be kept low enough that evapora- 
tion of gold is not serious. This temperature limit is probably about 700°C. 
If gold is evaporated, the grid soon loses its coating and primary emission 
builds up rapidly. Also, the cathode emission seems to be poisoned by the 
gold vapor.” 
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Polyrod Antennas 
By G. E, MUELLER and W. A. TYRRELL 


The polyrod, a new form of microwave endfire antenna, is described. This 
consists of a properly shaped dielectric rod protruding from a metal waveguide. 
For applications requiring moderate gain, it possesses desirable electrical and 
mechanical properties. It is useful as a unit antenna in broadside arrays on 
account of its low crosstalk into adjacent polyrods. This paper describes work 
done from 1941 to 1944 at the Bell Telephone Laboratories, Holmdel, N. J. 
Important individual contributions are acknowledged in some of the footnotes. 
A report of this development has been withheld from earlier publication for 
reasons of military security. 


1, INTRODUCTION 


UNIFORM rod (or “wire”) of dielectric material without metallic 
boundaries is a well-known type of single conductor transmission 
line. In this kind of waveguide, a portion of the energy travels along in 
the space outside the rod. At discontinuities, including those caused by 
proxinMhy to other objects, radiation takes place. For this reason, the di- 
electric waveguide has not become generally useful as a transmission medium, 
this need having been satisfied by the hollow metal pipe. The tendency 
toward radiation inherent in the dielectric guide is turned to advantage, 
however, in a new form of radio antenna. Here the objective is to encourage 
radiation from all parts of the dielectric rod. In progressing along the rod, 
therefore, power is gradually transferred from within the dielectric to the 
space outside. At a point where the transfer has been effectively com- 
pleted, the rod can be terminated abruptly. By proper design, this radiat- 
ing structure is an endfire antenna. Since it has been most often fabricated 
from polystyrene, it has become known as the polyrod antenna. It is 
especially useful for microwaves. 
We must now review and examine certain features of dielectric rod trans- 
mission and of endfire antenna theory, for their bearing on polyrod design 
and performance. - 


2, DreLtectric WirE TRANSMISSION! 


A dielectric rod can be energized with an infinite variety of transmission 
modes. These are in general hybrid waves? possessing transverse and longi- 
tudinal components of both Z and H. We shall here be concerned only 


1 Hondros and Debye, Ann. der Phys., Vol. 32, pp. 465-476; J. R. Carson, S. P. Mead 
and S. A. Schelkunoff, B.S.7.J., Vol. 15, pp. 310-333, 1936; G. C. Southworth, B.S.T.J., 
Vol. 15, pp. 284-309, 1936; S. A. Schelkunoff, “Electromagnetic Waves,” pp. 425-428, 
D. Van Nostrand, New York, 1943. 

? Except in the case of circular symmetry. Cf. Schelkunoff, loc. cit., pp. 154, 425. 
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with the lowest mode,’ that which is the counterpart of the dominant wave* 
in a metal pipe. If a dielectric-filled metal guide is excited at the dominant 
mode, and if the metal shield is abruptly terminated, the wave energy will 
continue on in the unsheathed dielectric rod and will be confined almost 
exclusively to the lowest hybrid mode. This is, indeed, the most common 
way of exciting the dielectric wire. * 

The extent to which the power is concentrated within the dielectric 
is a function of the rod diameter and dielectric constant. This is shown? 
in Fig. 1. If the curves for the two ee dielectric constants are re- 
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plotted against the effective diameter, = , they become more nearly 
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Fig. 1—Ratio of power inside Wi to power outside W, for a cylindrical 
dielectric wire. 


coincident. A universal curve cannot be given, however, because the field- 
retaining effect of a dielectric-air interface increases with increasing dielec- 
tric constant. 

The phase velocity within the rod is also a function of the diameter and 


dielectric constant, as shown® by Fig. 2. When . is very small compared 


with unity, the rod exerts negligible guiding action, and the transmission 
is close to that in free space. For rods of large diameter, the power is con- 


3 Unlike all other modes in a dielectric wire and all modes in a conducting pipe, the 
lowest dielectric wire mode theoretically has its cutoff at zero frequency. Cf. Schelkunoff, 
loc. cit., p. 428. 

4 That is, the TEn mode in circular pipe or the TE1o mode in rectangular pipe. 

5 Figs. 1 and 2 are based on calculations by Dr. Marion C. Gray. 
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fined almost entirely within the rod, and the phase velocity approaches that 
in an unbounded medium of the same dielectric constant. By choosing 


2 D 3 fina 
intermediate values of XY? : can be varied between these limits. 


3. ENDFIRE ANTENNAS 


We consider a linear array of isotropic radiators, infinite in number but 
so closely spaced as to occupy a finite length. We assume that the radia- 
tors are uniformly excited from a feed line, a transmission line parallel to 
the array phasing the various elements according to phase velocity on the 
line. The radiation pattern is given by* 


sin +(p cos 8 — 8) 
a(p cos @ — B) (1) 
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Fig. 2—Normalized phase velocity for a cylindrical dielectric wire. 


where r = relative field strength 
6 = angle with respect to the array axis 
p = length of array in free space wavelengths 
2x8 = phase shift in radians in the feed line from one end of array to 
the other end. 
The pattern is symmetrical about the array axis. 
Plotted from (1), Fig. 3 shows the pattern of a six wavelength radiator, 
p = 6, for selected values of 8. When 8 = p (= 6 in this case), phase 
velocity along the feed line is equal to free space velocity, and the resulting 
pattern is endfire. With 8 = p + 0.5 (= 6.5) the pattern remains endfire 
and the major lobe becomes sharper. For 8 < pand§ > p+ 0.5 (as shown 
by 8 = 5.0, 5.5, 7.0) the pattern deteriorates into a forward conical beam. 


lI 


®R. M. Foster, B. S. T. J., Vol. 5, p. 307, 1926. 
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The gain of a uniformly excited endfire antenna’ with 6 = pis 4p. For 
B # p; the gain can be written 
g = 4Ap. (2) 




























oo 








RELATIVE AMPLITUDE 
u 


° 








0.5 























0.5 






































¥ 60 50 40 30 20 10 ° 10 20 30 40 50 60+ 
DEGREES OFF AXIS 


Fig. 3—Directional patterns of a six wavelength (p = 6) continuous array. 


The factor A is given graphically in Fig. 4 as a function of 27(8 — p), the 
phase lag. The highest gain occurs for a phase lag of approximately 7 
radians relative to free space transmission, that is, for 8 = p + 0.5, in con- 
formity with the patterns of Fig. 3. For a short radiator, A is about 2; 
with increasing antenna length, A approaches 1.8. 


7 Schelkunoff, loc. cit. p. 347. 
8 Fig. 4 and equation (5) were supplied by Dr. H. T. Friis. 
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The width of the major lobe is given by 
Bean Wid = (3) 
eam Width = —-. 
rm Vp 
The constant B depends on 8 — p and on the manner in which beam width 
is defined. For width in degrees between half power points, and with 


B — p = 0.5 for maximum gain, B is computed from (1) to be about 60. 
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Fig. 4—Gain factor A as a function of phase lag in endfire arrays, 


If a sinusoidal variation in excitation voltage along the radiator is super- 
posed on the constant amplitude assumed for (1), we get 


asm w(p cos 8 — B) 


) cos r(p cos @ — B) 
a(p cos 0 — B) 


1 — 4(p cos @ — 6)? 





+ (4), 


where a is defined in Fig. 5. This figure gives patterns of a six wavelength 
radiator according to (4) for various values of a. Here £ is fixed at 6.5 
for maximum gain. Tapering symmetrically away from the center de- 
creases the minor lobes. The gain is also decreased, but to a lesser extent. 
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Exponential tapering comes about from heat losses and radiation losses 
in the feed line. With attenuation a per wavelength, (1) becomes*® 


r= g/ 2 cosh ap — 2 cos 2n(cos @ — 8) (5) 
a2p? + 42°(p cos 8 — B)? 


RELATIVE 
DRIVING VOLTAGE 






0.8 DISTANCE ALONG ARRAY 


P=6,B=6.5 


0.7 


2 
@ 











RELATIVE AMPLITUDE 
° 
u& 


° 
B 





03 





0.2 
































° 5 10 1S 20 25 30 35 40 45 50 
DEGREES OFF AXIS 


Fig. 5—Effect of sinusoidal tapering of power upon directional characteristic of a six 
wavelength continuous array. 


Feed line attenuation increases slightly the minor lobe amplitudes and fills 
in the nulls. Exponential tapering caused by radiation can be reduced or 
eliminated if the coupling of the radiating elements to the feed line is gradu- 
ally increased along the line. 
4, Tae Potyrop ANTENNA 

It has been found experimentally that a suitably proportioned dielectric 
rod can act as an efficient endfire radiator. A complete understanding of 

8 Loc. cit. 
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its operation involves the solution of Maxwell’s equations subject to the 
boundary conditions appropriate to the configuration. An analysis of this 
sort is not available because of its mathematical complexity. However, a 
satisfactory explanation of polyrod operation, especially for engineering 
purposes, can be obtained by establishing analogies with array theory, 
coupled with existing knowledge about transmission in uniform dielectric 
wires. In this treatment by analogy, we remain essentially ignorant of the 
local fields in the vicinity of the dielectric, the role played by the discon- 
tinuities at both ends of the antenna, and other detailed features. We do 
have, however, a working theory which predicts closely the features of the 
radiation as observed at a distance. Under these circumstances, insistence 
upon a rigorous field solution has not so far appeared necessary. 
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Fig. 6—Data on polyrods of uniform rectangular cross-section 4\ by #A. 


Experimental data have been obtained at frequencies in the vicinity of 
3000 megacycles except for Fig. 9, representing work at 9000 megacycles, 
For the sake of generality, these results are presented in dimensions of ), 
the free space wavelength. In all cases, polyrods have been energized from 
a dielectric filled metal guide whose conducting sheath is abruptly termi- 
nated, the dielectric continuing on as the radiator. 

The earliest form of polyrod® was a polystyrene rod of uniform rectangular 
cross-section, about 3 by 3A. Figure 6 shows the gains and directional 
patterns measured for such rods in three different lengths. In a plane 
normal to the axis, the radiation is approximately isotropic. The observed 
gains are proportional to length. They are greater than 4p by a factor of 


® The earliest work on polyrods was done in 1941 by Dr. G. C. Southworth. Cf. his 
U. S. Patent 2,206,923 issued in 1940, 
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about 1.4. Phase velocity in these rods was not measured and is not 
available from theory. Referring to Fig. 4, however, we must assume at 
least 0.4m radians of phase retardation to explain the increased gain. When 
the pattern for the 6\ rod is compared with the sharpest pattern (@ = 6.5) 
in Fig, 3, the observed characteristic is sharper than expected even with a 
phase retardation of r. The amplitudes of minor lobes are in good agree- 
ment. Attenuation, as revealed by the amplitudes at minima in the 
patterns, is apparently appreciable but not serious. , 

The principal defect of the uniform polyrod is the strong minor lobes. 
This is remedied by ‘tapering the amplitude of radiation symmetrically 
about the midpoint, as suggested in Fig. 5. To obtain such tapering let 
us start at the waveguide end with a relatively thick rod. From Fig. 1, 
this tends to retain a larger fraction of the power and should therefore not 
radiate so strongly. Let us decrease the cross-section gradually in pro- 
gressing along the rod, thus increasing the power radiated. Upon reaching 
a point near the center, we find the power in the rod already considerably 
diminished by the radiation which has already taken place. Beyond this 
point, gradually decreasing radiation is automatically secured with a uni- 
form cross-section as a result of previous radiation. 

This line of reasoning, calling for a polyrod tapered down in cross-section 
only in the first half of its length, is verified experimentally. Since detailed 
field analysis is not available for the polyrod, the most favorable proportions 
have been found empirically. Three examples will be described. 

Figure 7 shows a 6A rectangular polyrod linearly tapered for a little more 
than half its length from a base $A square to a rectangular section 3) by 3A. 
the remainder being uniform. The tapering is confined to the magnetic 
plane. Measured phase velocity and directional pattern are included in 
Fig. 7. By reference to Fig. 5, the observed minor lobe amplitudes cor- 
respond to a value of a somewhat less than 0.5. The gain, considerably 
improved over the uniform rod, implies from (2) a value of 1.86 for A in 
remarkable agreement with Fig. 4. 

Figure 8 shows data on a 6A cylindrical polyrod linearly tapered for about 
half its length from a diameter of 0.5\ to 0.3\ with the remainder uniform. 
The pattern is very similar to that of the preceding example; the gain is 
slightly reduced, and A = 1.66. From Fig. 1, « = 2.5, about half the 


power is internal for? = 0.5, while less than one-tenth is internal for 0.3. 


Agreement between Figs. 2 and 8 for phase velocity is fairly good. 
Figure 9 gives information!° about an 8.65, radiator which resembles the 


10 Supplied by Mr. C. B. H. Feldman. 
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conical-cylindrical design of Fig. 8, but which is longer and is tapered for 
slightly less than half its length. The minor lobes (solid curve) are all lower 
than 0.125, a marked improvement over Fig. 8. From the measured gain, 
A is 1.82, 

Regardless of whether the cross-section is square, rectangular, or round, 
radiation is nearly isotropic about the axis'of the polyrod. For the patterns 
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Fig. 7—Data on a 6) tapered rectangular polyrod. 
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in Fig. 6-9, beam widths in degrees between half-power points correspond 
to values of B in (3) between about 50 and 60. 

The characteristics of polyrods can thus be correlated with array theory 
for isotropic radiators continuously distributed along an axis. There are, 
to be sure, minor discrepancies which might become more serious in a dif- 
ferent range of polyrod proportions. For the lengths and cross-sections 
tested, however, equations (1) to (5) describe polyrod performance very 
satisfactorily for engineering purposes. 
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Fig. 9—Data on an 8.65\ tapered cylindrical polyrod, including effect of adjacent similar 
polyrods, 
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Fig. 10—Polyrod and waveguide feed details. 
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5. CONSTRUCTION AND OPERATIONAL DETAILS 


Figure 10 shows a production model of a polyrod for 3000 megacycles, 
with means for matching it to a rectangular waveguide." A two-iris 
transformer is used with a resulting width of 4% between the 1 db standing 
wave points. The clamping illustrated is designed to maintain a firm grip 
on the rod despite tendencies of the polystyrene to cold flow.” 

Another type of coupling is indicated in Fig. 11. Here the polyrod is 
still fed from a waveguide but this is in turn transformed to a coaxial line. 
The composite can thus be regarded as a coaxial to polyrod coupling. The 
coaxial line taps at point 5 onto the short-circuited antenna a-b-c at a point 
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Fig. 11—Coaxial feed for polyrod. 


chosen to match the characteristic impedance of the coaxial line. The back 
end of the waveguide is short circuited by a metal cap a quarter wavelength 
behind the transverse wire antenna. A movable coaxial plunger provides 
tuning. This arrangement has a bandwidth of 1% to the 1 db standing 
wave points. 

The frequency response of a polyrod is inherently broad. The directive 
pattern varies slowly with both phase velocity and amplitude distribution 
along the axis. As shown in Figs. 1 and 2, these quantities are slowly vary- 
ing functions of \ over a considerable range of polyrod proportions. At 


1 Developed by Mr. D. H. Ring. 
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Fig. 12—Effect of dielectric loss on polyrod performance. 
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Fig. 14—Broadside array of polyrcds. 
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present, the usable bandwidth is therefore limited primarily by the frequency 
response of the coupling arrangements from polyrod to waveguide or coaxial 
line. 

We have been exclusively concerned so far with plane polarized radiation. 
A circularly symmetrical polyrod such asin Fig. 8 can be used equally well 
to radiate circularly polarized waves. To do this, the polyrod is fed from 
a waveguide in which circulary polarized dominant waves are generated by 
means of a 90° phase shift section.” 

The effect of dielectric Joss upon polyrod performance is shown in Fig. 12, 
to be compared with Fig. 7. The power factors are: Styramic, 0.0005; 
hard rubber, 0.003; acetate butyrate, 0.020; polystyrene, 0.0002. Mate- 
rials having power factors less than 0.001 are satisfactory for polyrod an- 
tennas. 

Figure 13 shows the crosstalk between adjacent polyrods, that is, the 
power received in one radiator when the other is energized. For polyrods 
pointing in the same direction, separations greater than a wavelength insure 
low mutual coupling. This makes the polyrod attractive as the element 
in broadside arrays. Proximity to other undriven polyrods affects the gain 
and directional pattern to a greater extent, as shown in Fig. 9. 

More generally, the performance of a polyrod is affected by proximity 
to any metallic or dielectric objects. The gain and pattern must be deter- 
mined empirically for each new configuraticn. It has been found that a 
meta! rod can be placed parallel to a polyrod without seriously affecting its 
behavior so long as a separation of a wavelength ‘or more is maintained. 
Sheets of dielectric material can be brought even closer without adverse 
effect so long as large surfaces are not in direct contact with the polyrod. 
These and other experiences suggest that the polyrod is relatively unaffected 
by nearby objects. 

Tests have been made of the effect of fresh and salt water in the form of 
a spray or solid stream playing on a polyrod. Provided that puddles do not 
form on the surface, as can happen with rectangular polyrods, the effect is 
a decrease of 1 to 2 db in gain under the worst conditions. 

In conclusion, for microwave applications involving moderate gains of 
15 to 20 db, the polyrod assumes a convenient physical form and displays 
high electrical efficiency. It is less subject to disturbance by nearby ob- 
jects than might be expected. It is especially useful as an element in broad- 
side arrays. Asan example of such arrays, Fig. 14 shows a 42 rod steerable 
beam antenna used in an important type of Navy fire control radar. 


1% For a discussion of this subject, cf. A. G. Fox, “An Adjustable Waveguide Phase 
Changer,” to be published in Proc. I. R. E. 


Targets for Microwave Radar Navigation 
By SLOAN D. ROBERTSON 


The effective echoing areas of certain radar targets can be calculated by the 
methods of geometrical optics. Other more complicated structures have been 
investigated experimentally. This paper considers a number of targets of practi- 
cal interest with particular emphasis on trihedral and biconical corner reflectors. 
The possibility is indicated of using especially designed targets of high efficiency 
as aids to radar navigation. 


INTRODUCTION 


T NOW seems likely that radar, developed during the war, will find in- 

creasing application as a navigational aid for aircraft and surface vessels. 

In fact there are good reasons for expecting that peace-time radar can be 
made even more efficient than its war-time prototype. 

There are two ways of improving radar performance. One may concen- 
trate on the radar set proper with the object of increasing either the power of 
the transmitter or the sensitivity of the receiver. Or, one may take steps to 
improve the echoing efficiency of the targets. The latter was, of course, not 
possible during the war since most of the targets of interest were controlled 
by the enemy. It is a purpose of the present paper to consider the design 
of various targets of high echoing efficiency and wide angular response which 
may be placed at strategic points as aids to radar navigation. The ideal 
reflector to serve as a “beacon” or “buoy” for guiding radar-equipped air- 
craft or ships would present a highly effective area to incident radiation over 
a full 360° in azimuth, and would also be operative over a fairly broad verti- 
cal angle. The value of a particular target for navigational purposes may 
therefore be considered in terms of two factors: effective area, and angular 
response. 

The echo received by a radar from a particular target can be calculated 
by the formula:* 


AR Aus 
Mad 


where Wz = echo power available at the terminals of the radar antenna. 
Wr = power launched by radar. 
Apr = effective area of radar antenna assuming that the same an- 
tenna is used both for transmission and reception. 


Wr = Wr (1) 





1 This equation follows directly from Equation (1) of a paper by H. T. Friis, “A Note 
on a Simple Transmission Formula,” Proc. I.R.E., Vol. 34, pp. 254-256, May 1946. The 
radar transmission formula is obtained by applying Friis’ formula twice; first to the trans- 
mission from the radar to the target, then to the transmission from the target to the radar. 
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A vss = effective area of target.? 
\ = wavelength. 
d = distance between radar and target. 
The above formula applies to the case where free-space propagation prevails; 
that is, where multiple path or anomalous transmission effects are absent. 

It is apparent from the formula that, at a given wavelength and range, the 
received echo power can be increased by increasing the transmitted power, 
the size of the antenna, or the effective area of the target. The present paper 
will consider only the latter. 

In some cases the effective area of a target can be calculated from simple 
geometrical optics. For the more complicated structures it is always pos- 
sible to measure the effective area by comparing the signal reflected by the 
object in question to the signal reflected from a simple target of known 
effective area. 


Fiat PLATES 


The simplest target for which the effective area can be calculated is a flat 
metal plate oriented so as to be perpendicular to the incident radiation. It 
can be demonstrated that a flat plate with all linear dimensions large in pro- 
portion to the wavelength of the incident radiation has an effective area 
which is substantially equal to its geometrical area. Diffraction effects at 
the edges of such a plate are small in comparison with the energy reflected 
from the central portion of the plate. 

Flat plates, however, have the serious disadvantage that, in order to create 
strong echoes, they must be maintained accurately perpendicular to the 
incident rays. At other angles of incidence the echoes fall off rapidly. For 
this reason flat plates are of limited value as targets for use in navigation. 


DrneDRAL CORNER REFLECTORS 


A dihedral corner reflector consists of two perpendicular, plane conducting 
surfaces which are usually arranged so that they intersect along a common 
line. Figure 1 shows a typical dihedral reflector. The dihedral reflector 
has the important property that a ray which enters the corner will experience 
a reflection from each of the surfaces and will return in the direction from 
which it came, provided of course that the entering ray lies in a plane which 
is perpendicular to the line of intersection of the planes which form the 

? The term “effective area” as used in this paper refers to the equivalent flat plate area 
ofa target. The echoing effectiveness of a target may alternatively be expressed in terms 
of the cross section of an equivalent isotropic reflector as described by Schneider, “Radar,” 
Proc. I.R.E., Vol. 34, p. 529, August 1946. The alternative unit is called the “‘scattering 
cross section” and is frequently denoted by the symbol a, although Schneider uses S$. The 
two quantities are related by the equation « = 4a A*,.¢¢/\2. Both units are useful. For 


most of the targets considered in the present paper, Acs does not vary with \ and is there- 
fore preferable. 
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corner, The latter restriction constitutes the. principal objection to the 
practical use of dihedrals. The path of a typical ray is shown in Fig. 1. 





Fig. 2—Variation of effective area of a dihedral with aspect angle. 


The effective area of a dihedral reflector depends upon both the size of the 
reflector and the orientation of the reflector with respect to the incident rays. 
Figure 2 shows how the effective area varies as the dihedral is rotated about 
the line of intersection of the two planes. The effective areas for the differ- 
ent orientations are shown by the shaded regions in the lower part of the 
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figure. For a reflector. having the dimensions shown in the figure the 
effective area for different angles of incidence 6 can be calculated by the for- 
mula. 

Acsy =2 ab sin (45° — 8) 


where 6 is always considered positive and less than 45°. 

Figure 3 shows the polarization of the reflected ray for differently polarized 
incident rays. For our purpose, the incident rays may be assumed to enter 
the left side of the reflector shown in the figure and the reflected rays may be 
assumed to emerge from thé right. It is apparent that if the incident ray 
is polarized either parallel or perpendicular to the line of intersection of the 
two surfaces the reflected ray will be polarized in the same plane as the inci- , 





Fig. 3—Polarization effect in a dihedral reflector. 


dent ray. If the incident ray is polarized at an angle of 45° to the line of 
intersection, the reflected ray will be polarized perpendicularly to the 
incident ray. In the latter case the signal received back at the radar will 
not ordinarily be accepted by the same antenna which launched the incident 
radiation. 
TRIHEDRAL CORNER REFLECTOR 

Assume that three reflecting surfaces AOB, AOC, and BOC are placed so 
as to form the right-angled corner illustrated in Fig. 4.. In general, electro- 
magnetic waves, upon striking an interior surface of the device, will undergo 
a reflection from each of the three planes and return in a direction parallel to 
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and with the same polarization as the incident ray. The path of a typical 
ray is shown by line 1, 2, 3, the particular ray chosen having entered the 
reflector along a line perpendicular to the p!ane of the paper. Points 1 and 
3 represent the initial and final points of reflection, respectively, whereas 
point 2 represents the intermediate reflection point. 

Two important conclusions can be drawn from a careful inspection of the 
path 1, 2, 3; namely, the projections of points 1 and 3 are diametrically oppo- 
site on a circle drawn about point O as a center, and points 1 and 3 appear 
to be images of point 2; i.e., the ingoing ray at 1 appears to be directed toward 


A 





Fig. 4—Trihedral corner reflector showing the paths of typical rays. 


the image of point 2 in plane AOB, and the outcoming ray at 3 appears to 
come from the image of point 2 in plane AOC. 

Not all rays falling upon a corner reflector of finite dimensions will be re- 
flected in the direction of the source. For example, a ray striking point 4 in 
Fig. 4 may be reflected successively at points 4 and 5, but if the plane BOC 
is not sufficiently extended it will not undergo the necessary third reflection 
required to return the ray in the incident direction. 

The portion of the projected cross-section of a corner reflector which is 
able to return incident radiation to the source is called the “effective area.” 
It is, of course, a function of the aspect, that is to say, the angle at which the 
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reflector is being viewed, as well as the geometrical configuration of the 
reflector. For some of the simpler configurations the effective area can be 
readily determined by the following procedure. 

Project the aperture of the reflector through the apex O to form the image 
(A’ B’ C’ of Fig. 4); then project the aperture and its image upon a plane 
perpendicular to the incident rays. The area common to the projections of 
the aperture and its image is equal to the effective area. The effective area 
of the triangular reflector of Fig. 4 is, therefore, represented by the hexagon 
abcdef. Only those rays, perpendicular to the plane of the paper, which 
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Fig. 5—Determination of effective area of trihedral corner reflector. 


fall inside the hexagon will be returned. Exactly the same procedure is used 
in determining the effective area for other aspect angles. 

The above rule must, however, be applied with caution. Situations arise 
in which rays falling upon the area determined by this method do not return 
to the source. Figure 5 shows a reflector in which this difficulty is encoun- 
tered. This reflector differs from the previous reflector in that it has a notch 
cut in one of the reflecting surfaces. The projection of the aperture upon the 
plane of the paper is indicated by the solid line; that of its image by the 
dotted line. According to the rule of the preceding paragraph, one would 
expect the effective area to be defined by the total shaded area of the figure. 
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Such, however, is not the case. It was stated earlier that theiingoing rays 
appear to be directed toward the images of the intermediate reflecting 
points. This requires that the images of the intermediate reflecting points 
fall inside of the effective area. In Fig. 5, the images of the notch fall inside 
of what would otherwise be the effective area. Since the notch is incapable 
of serving as an intermediate reflector, the more lightly shaded areas are 
excluded from the effective area. In the absehce of the notch, a ray entering 
at 1 would be reflected at.2 and emerge at 3. In the presence of the notch, 
however, it passes through plane AOC and escapes in the direction of 4. 

Therefore, in order to determine the effective area of a corner reflector of 
arbitrary shape and aspect, one must take account of three loci of points 
defined by the aperture as follows: 

1) The aperture itself 

2) The locus of points determined by taking the direct mirror image of 
each point of the aperture with respect to each of the two surfaces of the 
trihedral not containing the point. For example, point D of Fig. 5 will have 
the images D’ and D” with reference to planes AOB and BOC, respectively. 
The complete locus of points determined in this way is represented by the 
dot-dash line of Fig. 5. 

3) Locus of points on aperture after each has been assumed to have been 

projected through the vertex. This image is pictured by the dotted lines of 
Fig. 5. 
These three images of the aperture can, for simplicity, be referred 
to as the first, second, and third images, respectively. The effective area 
is the area common to the projections of the first, second, and third images 
of the aperture upon a plane passing through the apex of the reflector and 
perpendicular to the incident rays. For a given aperture and aspect, a cor- 
ner reflector can-theoretically be replaced by a flat plate located at the apex. 
The size and shape of the flat plate will vary with the aspect as well as with 
the configuration of the aperture. The above procedure has been of consid- 
erable aid in studying reflectors having apertures of arbitrary shape. 

Although the graphical analysis just given is sufficient to enable one to 
compute the effective area of a reflector for any aspect angle, it is frequently 
more conveneint to determine the complete response pattern of a reflector 
experimentally. Most of the experimental results reported in this paper 
were obtained with a 1.25 centimeter radar arranged as shown in Fig. 6. 
Echo levels were measured on the screen of a type-A indicator using a cali- 
brated intermediate frequency attenuator to restore the signal to an arbi- 
trary reference level. It is believed 'that the levels measured in this way are 
‘accurate to within + 3 decibel. The coordinate system used in recording 
and presenting the data is given in Fig. 7. The reflector was mounted on a 
turntable which could be rotated about horizontal and vertical axes. 
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Curves for the response patterns of a corner reflector of triangular aperture 
are shown in Fig. 8. These curves were obtained with a reflector constructed 
of silver-painted plywood whose aperture was in the form of a 24-inch 
equilateral triangle. It had been previously determined that, with suitable 
paints, reflectors of this construction behaved exactly as though they were 
made of sheet metal. 

Depending upon its angle of arrival, a ray may be reflected by a corner 
reflector in one of four ways. If the angle is too oblique, the ray may not 
be returned in the direction of the source at all. If the incoming ray is 
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Fig. 6—Arrangement of apparatus for measuring effective areas of targets. 





SYMMETRIC AXIS 
OF CORNER REFLECTOR 


Fig. 7—Coordinate system used in presenting data. 


exactly perpendicular to one of the three reflecting planes, it will be returned 
to its source after only one reflection. Should the ray arrive in a direction 
exactly parallel to one of the three planes, it will again be returned in the 
direction of its source but in this case it is reflected twice as in a dihedral. 
This particular mode of reflection is illustrated by the sharp peaks at the 
extremities of the curves in Fig. 8. For all remaining angles of approach the 
ray will be returned after three reflections in the manner already described. 
The central regions of the curves represent this type of reflection which is of 
principal interest in practice. 
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The effective area of the triangular trihedral reflector along the symmetric 
axis (9 = O, ¢ = O) can be computed from the geometry of Fig. 4. 

Acss = 0.289 ? (3) 

where ¢ is the length of one side of the aperture such as CB. The effective 


area at other aspect angles can be computed by relating the echo level at the 
aspect in question with that along the symmetric axis. 
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Fig. 8—Echo-response patterns of a triangular trihedral reflector. 


It should be pointed out that the effective area for trihedral reflections is 
independent of wavelength where the reflector is large enough so that 
geometrical optics prevail. If the wavelength is increased, however, the 
sharp dihedral peaks at the edges of the pattern will be broader. 

In the case of the triangular corner reflector the response levels for aspect 
angles of 30°, as measured from the symmetric axis, are down by 10 decibels.. 
For many applications a flatter response pattern is desirable. 
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The present investigation led to the discovery that the response pattern 
of a corner reflector can be modified by a suitable alteration of the geometri- 
cal configuration of the aperture. There is even the suggestion that the 
response can, to a certain degree, be made to conform to a somewhat arbi- 
trary pattern within a region extending to approximately 30° from the princi- 
pal axis. The procedure for accomplishing this has, so far, been one of trial 
and error since the difficulties of a general mathematical solution appear to be 





Fig. 10—Dimensions of face of compensated reflector. 


insurmountable, at least in a practical sense. For practical purposes, how- 
ever, it is comparatively easy to conduct a few graphical experiments in order 
to design a reflector having the desired response pattern. 

Figures 9a and 9b show two views of a modified corner reflector which was 
designed to have a relatively flat response characteristic out to angles of 30° 
from the central axis. Each of the three sides of the reflector, instead of 
being triangular as formerly, has the contour shown in Fig. 10. The 
shaded regions of Fig. 10 represent the surface which has been added. 
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In Fig. 9a, one is assumed to be looking into the reflector along the sym- 
metric axis. The effective area is represented by the shaded hexagon. 
Evidently, the effective area of the modified reflector is identical to the 
effective area of the original triangular reflector AB C. Therefore, for this 
particular aspect, the effective area has not been changed by the addition 
of the material at the corners. 

Figure 9b is a view of the reflector at @ = 30°,¢ = 0°. Again, the shaded 
region represents the effective area, and the parallelogram abcd is the effec- 
tive area of the reflector before modification. The modification has evi- 
dently introduced a substantial gain in effective area for this aspect. A 
graphical comparison of the effective areas of Figs. 9a and 9b shows them 
to be of comparable magnitude. 

With the dimensions defined as in Fig. 10, a corner reflector was con- 
structed with a= b= 17”. The response curves of this reflector are plotted 
in Fig. 11, along with the curves of the ordinary triangular reflector. A 
substantial improvement in response is exhibited by the compensated re- 
flector. In the region extending out to 30° from the axis, the response level 
varies by no more than a couple of decibels. The response appears to rise 
slightly in the vicinity of 20°. This could, perhaps, be reduced by a more 
appropriate shaping of the sides of the reflector. 

The variation of the response curve: with the ratio ? has been studied 
briefly. It appears that a value off » = 1 is about right, for the 30° contour 
to equal the one response. if 2 < 1, the reflector wil] only be partially 
corrected; if ? 2 > 1, it will be overly corrected, In the uncorrected reflector 
with triangular aperture, ? = 0. 

Ifb/a = ©, that is, if a = 0, one would expect to obtain a response curve 
having a minimum value on the axis and rising to a maximum on either side. 
A reflector having these properties is illustrated in Figs. 12a and 12b. 
Again Fig. 12a is the axial aspect, whereas Fig. 12b is the 30° aspect. In 
the former,’ the effective area should be zero; in the latter, it has the value 
represented by the shaded portion. A reflector of this kind, in which b = 
34” and a = 0, was constructed and tested. The experimental results are 
shown in Fig. 13. ‘The minimum is, perhaps, not as low in value as expected 
because of residual reflections from the support upon which the reflector was 
mounted. As expected, however, the curve passes from a minimum on the 
axis to maxima on either side. 

The above examples serve to illustrate some of the results which can be 
realized with trihedral reflectors. We have seen that the response character- 
istic can be controlled by appropriate modifications of the geometrical con- 
figuration of the aperture. 

Experiments were performed i in order to determine the reduction in echo 
caused by errors in the internal angles at the corner. 
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Fig. 11—Response of compensated reflector compared with that of triangular reflector. 


In the first set of experiments only one of the internal angles was altered 
from its nominal value of 90°. Figure 14 shows the apparatus used in the 
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Fig. 13—Response patterns of reflector of Fig. 12. 
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experiment. The 24-inch reflector was constructed of silver-painted ply- 
wood and hinged along the intersection of the two upper surfaces so that the 
angle a could be varied at will. A series of response patterns were taken for 
various values of a. These are shown in the lower part of Fig. 14. It will 
be observed that one effect of changing a is to lower the echo level. This 
appears, however, to be accompanied by a somewhat flatter response curve. 
The radar used in this experiment had a wavelength of 1.25 centimeters. 
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Fig. 14—Effect of an error in one of the corner angles of a trihedral upon its performance. 


A second series of experiments was conducted in which all three internal 
angles were varied simultaneously. The curves shown in the upper half of 
Fig. 15 show the axial echo level for various sizes of reflector as a function 
of the internal angles a. It will be noted that for the 24-inch reflector an 
angular error of } degree results in an echo-level reduction of two decibels, 
while the same angular error in the 9% inch reflector produces only a negli- 
gible reduction. The lower part of the figure shows some response patterns 
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taken with a 24-inch triangular reflector for several values of a. A wave- 
length of 1.25 centimeters was used in obtaining both sets of curves. Later, 
similar measurements were made at a wavelength of 3.2 centimeters. It 
was found that the loss of signal is a function of the linear error of the aper- 
ture in wavelengths rather than the angular error in degrees. Thus a given 
angular error in a 92-inch reflector at a wavelength of 1.25 centimeters will 
produce the same loss in signal as the same angular error in a 24-inch reflector 
operating at a wavelength of 3.2 centimeters. 
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Fig. 15—Effect of an error in all three corner angles upon the performance of a trihedral. 


SPHERES AND CYLINDERS 
Formulas for the effective areas of spheres and cylinders which have 
dimensions large in comparison with a wavelength have been supplied by 
J. F. Carlson and S. A. Goudsmit of the Radiation Laboratory.’ The 
effective area of a sphere of radius R is given by 


A=— (4) 


where A is the wavelength. 
For a cylinder of radius R and height L, both large with respect to a wave- 
length, the effective area for rays perpendicular to the axis of the cylinder is 


ey Ra ‘i 
A=L = (3) 


3Unpublished Report 
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It will be of interest to compare the sphere and the cylinder with corner 
reflectors and flat plates. The response pattern of a sphere is ideal in that it 
is uniform in all directions. Unfortunately its effective area is small in com- 
parison with that of corner reflectors or flat plates having the same cross- 
sectiona] area. The cylinder has a symmetrical response pattern in the plane 
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Fig. 16—A comparison of several representative targets having equal effective areas. 


perpendicular to the axis but is very sharp in the plane of the axis. The 
effective area of a cylinder is intermediate between. that of a corner reflector 
and a sphere. Figure 16 is a scale view of a flat plate, a corner reflector, a 
cylinder, and a sphere all having an effective area of one square foot at a 
wavelength of 10 centimeters. For shorter wavelengths the flat plate and 
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the corner reflector would remain the same size, whereas the cylinder and 
the sphere would have to be larger in order to maintain the same effective 
areas. At a wavelength of 1 centimeter the sphere would have to have a 
radius of about 60 feet. 
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Fig. 17—Properties of the biconical corner reflector. 


BIcONICAL CORNER REFLECTOR 


A reflector, combining the 360° horizontal response characteristic of the 
cylinder with a vertical response like that of the corner reflector, was evolved 
and is illustrated in Fig. 17. As shown here, the device consists of two coni- 
cal surfaces placed in juxtaposition such that the generatrices of one cone 
intersect those of the other at right angles. The operation of the reflector is 
somewhat like that of a dihedral corner reflector in that-a ray, upon striking 
one of the cones, is reflected to the other and then returns in the direction of 
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the source. The ‘“‘Biconical” reflector may perhaps be likened to a cylinder 
which automatically orients itself so that the impinging rays are always 
perpendicular to the axis. 

A biconical reflector was constructed of sheet metal having the dimensions 
indicated in Fig. 17. The vertical response pattern was measured and is 
plotted in the lower portion of the figure. Because of the circular symmetry 
of the reflector, the vertical response curve shown will be equally valid for all 
angles of.azimuth. At = 0° the reflector exhibited an effective area of 
0.16 square feet. The measurements were made at a wavelength of 1.25 
centimeters. 

In the above experiment the incident radiation was polarized in the plane 
of the axis of the cones. In another test with the polarization perpendicular 
to the axis the received echo was reduced by four decibels. This effect is not 
as yet entirely explained. It probably results from a depolarizing effect 
similar to that encountered in the dihedral corner reflector, complicated 
however by the curvature of the cones. 

Only a limited amount of data is available for predicting the effective area 
of a biconical reflector over a wide range of sizes and wavelengths. The 
available data indicate that to a rough approximation and for a given polari- 
zation the effective area varies directly as the square root of the wavelength 
and as the three-halves power of the diameter of the cones, assuming that 
the height of the reflector is approximately equal to the diameter. 


Coil Pulsers for Radar 
By E. PETERSON 


R ADAR systems in current use radiate short bursts of energy developed 
by pulsing a high-frequency generator, usually a magnetron. One 
means of developing the requisite impulses employs a non-linear coil and 
is termed a coil pulser. Such pulsers are found in substantial numbers 
among the Navy’s complement of precision radars. Most fire control 
radars on surface vessels are equipped with them, and all modern radar 
installations on submarines are so equipped for search and for torpedo 
control, 


History OF DEVELOPMENT 


Coil pulsers had their origin in the magnetic harmonic generators first 
built for the telephone plant. Multi-channel carrier telephone systems in 
general use throughout the Bell System require numbers of carriers, harmoni- 
cally related in frequency. These are derived from non-linear coil circuits! 
which convert energy supplied by a sine wave input into regularly spaced, 
sharply peaked pulses. 

When development was started on precision radars, one of these circuits 
generating a power peak of a few hundred watts, several microseconds in 
duration, was adapted to the purpose.’ Its output was shaped and ampli- 
fied by vacuum tubes of sufficient power to key or modulate the ultra-high- 
frequency generator of the radar transmitter. All early fire-control radars 
were made up in this way; hundreds are still in use. 

The next development of pulsers for fire-control radars was directed toward 
higher-powered pulses, shorter in duration for good range resolution. These 
had to be provided by a small package pulser, small enough and rugged 
enough to mount integrally with the magnetron and the antenna. The power 
rectifier was to be located at any convenient distance, and the rectified voltage 
had to be low enough to permit the use of standard low-voltage cables. 
These requirements put high vacuum tubes at a disadvantage in handling 
the finally developed pulses. Pulse transformers had not attained their 
present state of perfection in dealing with short pulses at this early stage 
and the pulser therefore had to work the magnetron directly. 

1 Magnetic Generation of a Group of Harmonics, by Peterson, Manley and Wrathall, 


B.S.T.J., vol. XVI, p. 437, 1937. 
2 Fire-Control Radars, by Tinus and Higgins, B.S.T.J., January, 1946. 
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One arrangement developed by W. Shockley to meet these requirements 
used a thyratron as a switch to generate pulses. High vacuum tubes were 
used at low voltages for comparatively long-time intervals in the driving 
circuit. Deficiencies of the thyratrons available at that time prevented the 
generation of pulse powers as high as required. With the earlier experience 
on low-level coil pulsers in mind, it was natural to think of using a non-linear 
coil for switching pulses at high level, in place of the thyratron. Much 
development was required to arrive at suitable circuits embodying the basic 
ideas, to build non-linear coils capable of withstanding high voltages, to 
proportion the circuit elements for efficient operation at specified powers 
and pulse durations, and to shape the output pulse to the desired flat-topped 
form. 

This development resulted in a power pulser mounted in an oil-filled steel 
box, with associated high vacuum tubes of the sturdiest sort mounted 
externally, operated from a 1200 volt d-c. supply. It was suitable for installa- 
tion integral with the antenna, and rugged enough to withstand gun blast and 
shock. Life of the pulser box components is long, and performance stable 
with time and temperature. The time of pulse emission is linked precisely 
to the input wave, practically independent of voltage and frequency vari- 
ations over a suitable range. Such precision timing, or freedom from jitter, 
permits starting the indicator equipment in advance of the pulse emission 
time so that target ranges may be accurately measured. The power 
rectifier voltage is much lower than that of the pulse applied to the mag- 
netron, and the pulser works directly into the magnetron without requir- 
ing an intermediary pulse transformer. 

Subsequent developments left unchanged the general form of the circuit 
and its mounting, but were devoted to achieving various pulse widths, 
powers, and pulsing rates to suit different applications. Pulse widths 
covered a range from two-tenths to over one microsecond, peak powers 
ranged from 100 to 1000 kw, and pulsing rates ranged from 400 to 3600 
pulses per second. 


Non-LinEaR Coit STRUCTURES 


An idea of the general form and makeup of non-linear coils used in various 
radar developments can be had from the photograph of Fig. 1. All cores 
shown there are made of molybdenum permalloy tape, one mil thick. Insu- 
lation is electroplated on the tape ina silicic acid bath, and the tape is wound 
in ring form. After the standard magnetic anneal of 1000°C in hydrogen, 
the coating of insulation a fraction of a mil thick adheres firmly to the tape. 

The smallest coil shown in Fig. 1 seen just in front of the oil filled 
container in which it is mounted is used for low-power pulse generation. 
Its core weighing 7 grams is wound on an isolantite form. 
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The two larger coils shown are used in power pulsers. Their cores are 
made up of self-supporting rings. The smaller coil has a core weight of one 
kilogram and is used at voltages up to 25 kv. for the generation of power 
peaks of the order of 100-250 kw. Phenol fibre is used to support and 
position the core and winding. The larger core has a weight of 13 kg. and 
is used at a voltage of 40 kv. in a pulser generating power peaks of one 
megawatt. Glass-bonded mica and built-up mica are used for support and 





Fig. 1—Non-linear coils used in various radar transmitters. The smallest coil at the 
left, seen in front of its container, is used for low power pulse generation. The two larger 
coils are used in power pulsers developing 200 KW and 1000 KW peaks, respectively. 
The core rings of molybdenum permalloy tape are assembled into the coils shown. 


positioning of the core rings and windings. The coils are assembled with 
other passive elements of the pulser network and the whole immersed in oil. 

Operating principles of the two types of pulser circuits in which these 
coils are used are now to be discussed. 


Low-LEvEL PULSER 


A schematic of the circuit used for developing low-power pulses is shown 
in Fig.2a. Sinusoidal driving current (i;) is introduced from the left, anda 
sharply peaked wave (i2) is developed in the right-hand mesh. A resonant 
circuit (ZiC;) serves to prevent dissipation of the generated pulse in the 
input mesh, and to tune out the input reactance at the driving frequency. 
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Capacitance and resistance elements (C2R2) in conjunction with the non- 
linear coil (Zz) make up the output mesh. 

A complete cycle of the input wave is depicted in Fig. 2c, placed to corre- 
spond with the B-H loop of the non-linear core shown above it in Fig. 2b. 


Cc ui C2 





Fig. 2—Low-level coil pulser. 

(a) Circuit diagram showing input tuning C,Z;, non-linear coil Zz, output condenser 
C2, and load resistor Re. 

(b) B-H loop of non-linear coil, with letters marking transitions between permeable 
and saturable regions. 

(c) Sinusoidal input current wave scaled and placed to correspond with the horizontal 
scale of Fig. 2b. 

(d) Pulsed output wave, 72 as ordinate; 7, as abscissa. 


Action of the circuit is now to be followed throughout a cycle, starting with 
the input wave at its maximum negative excursion, condenser C2 uncharged, 
and the core in its lower saturation region. Here the slope of the B-H 
loop and the corresponding differential permeability and inductance are 
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small. Hence the voltage drop across the coil is small. Little current 
flows in the output mesh, and practically all the input current flows through 
the coil. Matters are much different during the next interval in which the 
increase of current in 2 brings the core into the permeable region a-b. Here 
the differential permeability is large so that part of the input current is 
diverted to the output mesh, charging the output condenser until upper 
saturation is reached at 6. There the coil inductance falls to a low value, 
switching most of the condenser voltage across the load resistance. A 
current pulse accordingly develops in the output mesh lasting until the 
condenser charge is exhausted. The form of the current pulse shown in 
Fig. 2d approaches that of a highly damped sinusoid, and the pulse duration 
and magnitude are functions of the three elements of the discharge mesh. 
During the next half-period of the input wave, the same situation develops 
as in the first half-period, except that the corresponding currents and voltages 
throughout are reversed in sign. 

According to this description the non-linear coil acts like a switch which 
automatically shifts the inductance from relatively high to relatively low 
values at specific coil currents. When the core is driven well into saturation, 
as is the case here, the ratio of these two inductances can be made large, 
usually in the neighborhood of several thousand. One feature of its action 
important from the efficiency standpoint is that the pulse occurs for the 
most part in the saturation region, where the contribution to eddy loss is 
small. The principal core loss occurs in the permeable region while the 
output condenser is charging, when variation of current through the coil 
occurs at a relatively slow rate. 

In low-level radar applications the pulser output feeds a vacuum tube 
amplifier biased so that pulses of just one-polarity are passed, the other 
oppositely poled pulse being cut off. 

Since the range sweep of the radar receiver is initiated prior to pulse emis- 
sion, the pulse should occur at a time linked precisely to the input wave. 
Otherwise the received pulse would be blurred introducing an uncertainty 
in measuring target range. No blurring (jitter) is visible with normal coil 
pulser operation. To get a measure of any variations which might be 
associated with core magnetization, tests were performed on a communication 
circuit in which jitter occurring at an audio rate would show up as noise. 
Measurements with a sensitive noise meter indicate the corresponding varia- 
tion of pulse emission time to be smaller than 10-° second. 


PowER PULSER 
Operating Principles 


The power pulser has the same type of discharge circuit as the low-level 
pulser just discussed. It differs in using a d-c. rather than an a-c. power 
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Fig. 3—Power pulser. 

(a) Simplified circuit diagram showing charging tube at left, bias supply Eo, plate 
power supply £,, linear coil Li, non-linear coil Z,, output condenser C2, and load resistor Re. 

(b) Rectangular wave of grid voltage impressed upon the tetrode of Fig. 3a. The tube 
conducts during the time 7 in each cycle, and is cut off outside that interval. 

(c) Plate current wave (ip) corresponding to time scale of (b). During interval J, 
current is drawn through the paralleled inductors and the charging tube. At the end of 
this interval the tube is cut off and remains so until the start of the next cycle. During 
II, the magnetically stored energy is transferred to the condenser through Rs At the 
same time the non-linear coil is brought toward saturation. During III saturation is 
reached; energy stored in C2 is transferred to the load resistor through L2 in a short pulse. 

(d) B-H loop of non-linear coil used in the circuit of (a). Letters mark the most 
important transitions. During interval I magnetization proceeds from the lower left 
through a up to b; during IT magnetization decreases past c down to d, and during III 
it extends far beyond the limits of the Figure to the left, returning to the neighborhood 
of d upon completion of the output pulse. 

(e) Plot of current in linear coil during charging interval I against the product of coil 
voltage and time. Enclosed area represents energy stored in the linear coil. The rec- 
tangular area under the dashed line drawn through éo represents that part of the stored 
energy which varies with bias current. 
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source, and in charging the load condenser by a free, rather than by a forced 
oscillation. Energy for the free oscillation is taken from the d-c. source in 
a preliminary operation, in which energy is stored in a linear inductor. 
This preliminary operation consists in closing a d-c. path from the plate 
power supply through the linear inductor by means of a high vacuum tube, 
permitting current to build up with time. After a predetermined time has 
elapsed, the tube circuit is opened, the d-c. path is thereby interrupted, and 
energy stored in the inductor transfers to the load condenser. In this way 
the voltage to which the load condenser is charged can be made many times 
greater than the voltage of the plate power supply. The simplified circuit 
of Fig. 3(a) will serve to bring out salient operating features. Conduction 
of the tetrode at the left is controlled by a rectangular wave of grid voltage 
(Fig. 3b) developed by a multivibrator (not shown) which swings the grid 
from a potential below cutoff to one just above cathode potential. The 
plate power source Ey feeds two inductors in parallel, Z; being linear, and Lz 
non-linear. A small biasing voltage Ep drives polarizing current ip through 
the two inductors in series. 

The preliminary operation which serves to transfer energy from the main 
power source to the inductors is initiated when the tetrode grid is driven 
positive. Current from the main source builds up through the paralleled 
inductors and the tetrode as indicated on Fig. 3c, interval J. The region in 
which the non-linear coil works may be seen from the hysteresis loop of 
Fig. 3d. Its operating point is displaced to the left of the origin near d by the 
bias current. When the tetrode conducts, current in the non-linear coil 
rises rapidly at first in the lower saturation region until a is reached. The 
rise thereafter is comparatively small and slow in traversing the permeable 
region a-b, while at the same time current builds up in the linear coil at a much 
greater and practically uniform rate. When the core of 2 reaches saturation 
near 6 its inductance again drops, preventing further rise of current in Z;. 
At this time the tetrode is driven below cutoff and remains out of the picture 
until the start of the next cycle. 

The second interval, in which energy is transferred from the linear inductor 
to the load condenser, starts with the cutoff of tetrode current. This trans- 
fer is effected in an oscillation with frequency determined mainly by the 
paralleled inductors and the load condenser. In this interval II of Fig. 3c, 
current through the non-linear coil falls suddenly at first from b to cand then 
more slowly from c to d. The rate of change in region c-d is much greater 
than that in a-b as indicated by the fainter trace in Fig. 3d, so that’ éddy 
currents in the core are increased and the slope of the descending branch of 
the loop reduced correspondingly. Thus some of the energy previously 
stored in the linear inductor is used up in completing the magnetization 
cycle and this part, consequently, is not available for transfer to the load 
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condenser. The maximum voltage to which C2 is charged in this interval 
is made much greater than that of the d-c. power source (E;). The ratio of 
these two voltages depends upon the ratio of the inductance charging time in 
the preceding interval to the oscillation period. Both factors can be varied 
over wide limits, and step-up ratios of roughly ten to twenty are generally 
used. 

The third interval starts with magnetization of the non-linear core near 
point d on the loop, where the inductance again drops. This situation is 
precisely the same as that previously described for the low-power pulser. 
‘As a result the condenser discharges through the load resistance at the time 
indicated in Fig. 3c, driving the core far into saturation with a field of the 
order of a hundred oersteds. This field extends too far to the left of point d 
to be shown in Fig. 3(d). Here the differential permeability approaches 
unity, and the correspondingly low inductance permits a rapid build-up of 
pulse current. Evidently but one pulse is produced each time the tetrode 
conducts, and the number of pulses produced per second is changed simply 
by varying the input frequency without requiring any circuit change, power 
dissipations permitting. 

Energy storage in the linear coil depends upon its inductance, upon the 
bias current, and upon the peak current reached during the tetrode conduc- 
tion interval. A plot of the current in Z; against the product of time and of 
voltage across the coil permits this energy to be represented as an area 
(Fig. 3e). Evidently a given area can be made up by varying the relative 
sizes of its component triangle and rectangle, only the latter varying with 
bias current. If for example the bias is reduced to zero, the rectangle would 
vanish and the peak current would have to be increased to attain the original 
amount of stored energy. The higher maximum current requires more 
cathode emission of the tetrode and leads to greater plate power dissipation. 
Thus in addition to determining the energy stored, the amount of bias is 
one of the factors determining power dissipation capacity and emission which 
must be provided in the driving tube or tubes. Additional factors enter to 
make a bias corresponding to d (Fig. 3d) the most favorable from an efficiency 
standpoint. 

The operating principles developed above in terms of a simplified circuit 
have been applied to a number of practical circuit forms which are described 
in the sections following. 


Load Circuit 


In radar applications the useful load is a magnetron which takes the 
place of the linear resistance previously considered. Since the magnetron 
viewed at its input terminals acts essentially like a negatively biased rectifier, 
additional means must provide for the flow of condenser charging current in a 
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direction opposite to that of the discharge pulse. This takes the form of 
a suitably poled diode shunted around the magnetron input terminals. 
After the main discharge pulse is completed, reactive elements are left with 
some little energy which tends to redistribute throughout the network. 
In course of redistribution, additional pulses of lower energy may occur 
shortly after the main pulse is completed. This tendency is a harmful one 
if the after-pulses are large, since echoes from short-range targets are ob- 
scured. Suppression of after-pulses is assisted by shunting around the 
diode-magnetron a linear inductance known as a clipping choke. This 
added inductance slows down the rate at which energy is redistributed, 
and permits the diode to fulfill its second function of dissipating the greater 
part of the residual energy. The shunting inductor, too, is made to fill a 
second function. Through provision of a bifilar winding, it passes heating 
current to the filament of the magnetron, thereby eliminating the need for 
high-voltage insulation otherwise required in the filament transformer, 


Magnetic Bias 


Several arrangements have been worked out for supplying various amounts 
of bias, some of them using a separate source, others being self-biased* 
In general the use of external bias leads to a lower demand on the driving 
tetrode and is associated with pulse production at best efficiency. Circuits 
dispensing with an external bias source are that much more convenient in 
use, where the added tube demand and the lower efficiency corresponding 
can be handled without undue increase of the tube complement. In general 
the energy delivered to the magnetron is roughly 25 to 55 per cent of the 
plate energy input, with the higher figure applying to the higher outputs 
and external bias. 


Transformer Coupling 


In some cases it is convenient to equip the non-linear coil with primary 
and secondary windings providing voltage transformation or isolation to 
avoid adding a transformer for that purpose. The first case arises in the 
higher-powered pulsers, where the load condenser has to be charged to a 
voltage greater than the driving tetrode can withstand. For the Western 
Electric 5D21 tubes customarily used, voltage breakdown occurs near 20 kv, 
while condenser voltages in certain of the pulsers reach 30 and 40 kv. This 
situation calls for a step-up ratio from primary to secondary to fit the 
required potentials. The need for isolation may be illustrated by reference 
to Fig. 3a where the bias battery Ey is shown maintained at the plate supply 
potential above ground. To avoid the resulting insulation problems in a 


3 One widely used circuit using a small amount of self-bias was developed by L. G. 
Kersta and E. E. Crump. 
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rectifier built to supply bias, a gecondary winding is readily provided on the 
non-linear coil for connection to the linear coil and to the bias rectifier, which 
can then be maintained with one side at ground potential. 

In either case whenever coupled windings are employed, the inside wind- 
ing is invariably made to carry the discharge pulse. This provision results 
in minimum saturation inductance, since the inner winding is brought as 
close to the magnetic core as the voltage breakdown strength of the inter- 
vening dielectric permits. This winding is disposed as uniformlyas possible 
around the core to avoid leakage which would add to the saturation induct- 
ance, and so limit the rate of current build-up in the pulse. The other 
winding can then be disposed with generous spacings, and with partial core 
coverage if desired. 


Pulse Shaping 


The oscillation frequency of the magnetron is determined primarily by 
its internal structure, although it is to some extent a function of the im- 
pressed potential. Departure of the driving wave from perfectly rectangu- 
lar form permits the oscillation frequency to vary during the pulse, to an 
extent depending upon the size and duration of the departure and upon the 
characteristics of the magnetron. Frequency modulation thus produced 
disperses energy over the spectrum. With the receiver band width limited 
to reduce noise and interference, one effect of this spreading of energy over 
the spectrum is to cut down the strength of the observed echo. For this 
reason, other things being equal, rectangularity must be approximated well 
enough to make the wasted energy a small fraction of that usefully employed. 

It is convenient to regard the rectangular wave as synthesized by a series 
of harmonically related sine waves of appropriate magnitudes. The 
fundamental component according to this concept has a half period equal 
to the duration of the pulse, and the other components, progressively smaller 
in amplitude, have frequencies which are odd harmonics of the fundamental. 
In the low-power pulser with its rounded discharge wave the harmonic waves 
are quite small in amplitude. To approach the flat-topped discharge wave 
necessary in the power pulsers, harmonic components must be built up. 
This can be done by providing additional resonances in the discharge circuit 
at the wanted harmonic frequencies. 

With the close spacing between circuit elements and their proximity to 
the pulser box walls, parasitic capacitances of appreciable magnitude add 
to those normally present. These involve dielectrics of low loss and, since 
the circuit elements and connecting wires are firmly fixed in position, they 
are fairly well reproduced. They can be used, therefore, in conjunction 


4The Magnetron as a Generator of Centimeter Waves, by Fisk, Hagstrum, and Hart- 
man, B.S.T.J., April, 1946. 
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with added reactors of small size to provide harmonic resonances needed 
to shape the discharge pulse. These help to bring up the third and fifth, 
and in some cases higher harmonics. 

Results after shaping are shown in Fig. 4 for two extremes of pulse width. 
The shorter pulse, roughly a quarter microsecond in average duration, 





Fig. 4—Shaped magnetron current pulses, together with the radio frequency spectro- 
grams corresponding. Pulse at upper left indicates presence of high harmonics; pulse at 
upper right shows strong fifth harmonic and little at higher harmonics. The band width 
of the main energy lobe, and the dispersion of energy outside that band in both cases indi- 
cate negligibly small effect attributable to frequency modulation. 


evidences the presence of fairly high harmonics. The wider pulse, roughly 
one and a quarter microseconds in average duration, has a strong fifth 
harmonic and some even harmonics as well.5 Below each pulse is shown a 
spectrogram of the corresponding magnetron high-frequency output, which 


5 Magnetron currents are shown rather than voltages, since current is a far more 
sensitive indicator of performance. 
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represents energy as a function of frequency. Different magnetrons are 
used with the two pulses; their operating frequencies and power capacities 
differ widely. Apparently frequency modulation exists in both cases to a 
small extent indicated by the departure of each spectrogram from symmetry 
about a vertical axis. Detailed study, however, shows that the band 
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Fig. 5—Typical power pulser network. 


width of the main energy lobe differs inappreciably from that with zero 
frequency modulation, and that the dispersion of energy attributable to 
frequency modulation is negligibly small. The pulses shown therefore 
provide satisfactory performance with their respective magnetrons. 


Pulser Box 


The form in which the typical power pulser network appears is shown in 
Fig. 5. Power peaks generated by the particular network shown are of the 
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order of 150 kw, with pulse durations of the order of a half microsecond. 
The non-linear coil here is similar to the one kilogram model pictured in 
Fig. 1; it is mounted on a panel back of the linear inductor indicated on the 
Figure. The two larger insulators are used to support high-voltage termi- 
nals, the double terminal at the left connecting to the cathode and heater of 
the magnetron and the single terminal at the right connecting to the tetrode 
plate. The smaller terminals provide lower-voltage connections including 
those to the plate power supply of 1000-1500 volts, the bias source where 
required, and the heating power supply for the magnetron. In use the 
network is sealed into a closely fitting oil-filled container. 
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Spark Gap Switches for Radar 


By F. S. GOUCHER, J. R. HAYNES, W. A. DEPP and E. J. RYDER 


INTRODUCTION 


N ESSENTIAL feature of radar is the generation, by means of an 

oscillator, of high-energy pulses of short duration, repeated many 
times a second. The energy for these pulses is furnished to the oscillator 
from a power supply in a variety of ways. One of the most widely used of 
these is the “line type modulator” in which a pulse-forming network made 
up of a series of condensers and inductances is charged from the power supply 
through a choke and is then discharged by a switch so that a substantially 
constant current will flow for a predetermined short time through the pri- 
mary of a pulse transformer coupled to the oscillator. This switch is, 
therefore, an essential component of this type of modulator. 

To meet the pulsing requirements of radar as it developed during the war, 
. this line modulator switch was required to withstand thousands of volts 
between pulses and to carry hundreds of amperes for the pulse duration 
which was of the order of microseconds. Also, the switching operation had 
to be repeated from a few hundred to a few thousand times a second for a 
total operating time of hundreds of hours. Furthermore, the dissipation 
of energy within the switch had to be very small in comparison with the 
energy delivered to the oscillator for efficient operation. 

The switch which had the widest application in this type of modulator 
was that employing an electric spark. Of over 50,000 radars of various types 
manufactured by the Western Electric Co. during the war, over half em- 
ployed the electric spark in switching. One form of this switch was a rotary 
spark gap, operating in air, in which the timing of breakdown was controlled 
mechanically. These gaps were successfully adapted to a variety of radar 
types including airborne radar. However the demands for a more compact 
and lighter weight switch capable of operating at lower voltages for airborne 
radar led to the development of fixed sealed unit type gaps which, when 
connected in series, can be broken down electrically in a simple circuit. 

Many problems had to be solved in the development of these switches. 
They required a considerable amount of study, and with the aid of new tech- 
niques developed during the war, a number of significant measurements 
have been made which have extended our knowledge of sparks generally. 
It is the object of this paper to describe the results of some of these studies, 
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as well as to describe the essential characteristics of a variety of spark gap 
switches which were used in such numbers that they may be considered as 
an important contribution to the war effort. 


I. Rorary Spark Gap Swircues For Low Vorrace Circuits 


Rotary gaps were used successfully as switches in some of the earlier radar 
systems developed by Bell Telephone Laboratories. The switching voltages 
in the modulator circuits were relatively high, being in excess of 20 kilovolts. 
No trouble was encountered in switching at the required pulsing rates nor in 
obtaining satisfactorily long life. Fortunately the sparks tend to move 
about the electrode surfaces uniformly and the rate of erosion is such that 
with tungsten or molybdenum electrodes a uniformly small change in elec- 
trode dimensions is achieved which in no way interferes with satisfactory 
operation over long periods of time. 

A difficulty was encountered, however, when the switching voltage was 
reduced to lower values, as required for applications in which the power 
supply voltages were limited. The gaps failed to break down regularly. 

A particular application in which this difficulty was encountered was one 
in which the power supply was limited to 4 kilovolts, and in which 80 
ampere pulses of one microsecond duration were required every 600 micro- 
seconds. The modulator circuit used was that shown schematically in 
Fig. 1(a). The pulse-forming network includes the condenser elements which 
are charged through the choke and discharged by the spark gap designed to 
break down at the required pulsing rate of 1600 per second. The load is the 
primary of a pulse transformer coupled to a magnetron and is closely equiv- 
alent to a 50-ohm resistance. The constants of the circuit are such that 
following the discharge of the network it is recharged sinusoidally along the 
solid line of Fig. 1 (b) to a peak value of approximately 8000 volts in 600 X 
10-6 seconds, at which point breakdown must again occur and the operation 
be repeated. The dashed line is the approximate path of the charging vol- 
tage wave when breakdown at the peak fails to occur. 

A rotary spark gap was designed to meet these pulsing conditions. In 
this gap there are four fixed and four moving electrodes as indicated in 
Fig. 1 (a). These electrodes are tungsten rods 3 mm in diameter and about 
15 mm in length mounted with their axes parallel and so spaced that the 
moving electrodes pass very close to the fixed electrodes with an overlap of 
about one-half their length. The speed of the moving electrodes is such 
that in the region of near approach the maximum gradients are those indi- 
cated in Fig. 1 (c). The solid curve shows the gradients when breakdown 
takes place at the required time and the dashed curve the gradients when 
breakdown fails to occur. Although the latter greatly exceed the normal 
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dielectric strength of air, sparking failed to take place a large fraction of 
the time. 
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Fig. 1—(a) Line modulator circuit with rotary spark gap switch, (b) switch voltage 
vs. time, (c) maximum voltage gradient between electrodes vs. time. 


Experiment indicated that this was caused by spark delay time, as 
irradiation of the cathodes by means of an ultra-violet lamp produced 100% 
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breakdown. ‘This method of reducing spark delay time was not practical, 
however, and other means were sought. A solution was found through a 
rediscovery of the efficacy of corona prior to breakdown which came about 
through the introduction of a properly placed sharp edge on the cathode. 
Although this edge was apart from the sparking area of the cathode, 100% 
breakdown of the gaps was obtained and spark delay time so reduced 





Fic. 2—Experimental model of rotary gap showing corona points. 


that mechanical limitations alone controlled the variation in time of 
breakdown. 

The essential features of the gap as finally developed for this project are 
shown in the photograph of an experimental model, Fig. 2, and in the per- 
spective drawing and accompanying diagram, Fig. 3. The electrodes are of 
tungsten as in the earlier design, and corona points are introduced by the 
addition of the rods holding sharp metal points mounted on the same metal 
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Fig. 3—Above, perspective drawing of rotary gap showing arrangement of corona 
points. Below, diagram showing voltage (V), and mean voltage gradient (EZ) at various 
times in the spark-over region. 


base as the fixed electrodes. - The moving electrodes pass between the fixed 
electrodes and their associated corona points. This arrangement is clarified 
in the diagram which is a section through a plane normal to the electrode 
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axes and passing through the region of overlap. The shaded areas are for 
the sparking position as indicated and the location of the corona point is 
shown to scale. Experiment shows that when the moving electrode has 
reached the position corresponding to 400 X 10~* seconds after the previous 
spark, corona is established on the point. Thus the cathode is irradiated for 
200 X 10-6 seconds prior to breakdown. 

No serious erosion problem was encountered when these gaps were oper- 
ated for many hundreds of hours in air. No deterioration of the points was 
observed when their locations were properly adjusted so as to avoid sparking 
over to them. The cathode erosion rate is so low that appreciable flats were 
produced only after a hundred hours of operation. The anode erosion was 
estimated to be less than one-tenth of that of the cathode, and was doubtless 
associated with a small amount of reverse current shown to be present. The 
magnitude of the cathode erosion rate for tungsten in air is about twenty- 
five fold less than that for tungsten in hydrogen under the same conditions 
which indicates that oxygen plays an important and somewhat unexpected 
role in making practical the operation of these gaps. 

There was, however, a serious corrosion problem when these gaps were 
adapted to airborne radar because of the necessity for sealing the modulator 
unit in a container capable of maintaining atmospheric pressure at high 
altitudes. Spark discharges in air are attended by the formation of both 
ozone and oxides of nitrogen, the latter combining with moisture to form 
nitrous and nitric acids. These reached such concentrations under continu- 
ous operation in the container that they were damaging to all enclosed equip- 
ment because of their corrosive action. A solution for this was arrived at 
after considerable study on the part of the Chemical Department. This 
consisted of the use of a copper impregnated activated carbon as an absorb- 
ent. With this absorbent a life of 500 hours was shown to be possible. 

Over 10,000 rotary gap switches of this type were manufactured and used 
successfully in both ship and airborne radars. However, under the urge to 
reduce the weight of all possible components used in airborne radar and even 
to eliminate the necessity for pressurizing, the development of glass-enclosed 
fixed gaps as switches was diligently pursued. 

The authors would like to acknowledge the cooperation of Mr. N. I. 
Hall of the Whippany Laboratories whose responsibility it was to engineer 
and develop these rotary gap switches for manufacture. 


II. Frxep Gaps 


Preliminary experiment indicated that a series of fixed gaps could be made 
to operate satisfactorily as a modulator switch. A study was therefore 
made to determine the most suitable gas atmosphere, electrode material and 
gap design for use in sealed gaps. This led to the development of a unit 
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type gap, two or more of which could be operated in series. The first unit 
type gap had an aluminum cathode and a hydrogen-argon gas atmosphere. 
Later, under the urge for higher peak powers, mercury cathode gaps were 
developed. Details of this study and development will be discussed in this 
section. 

(a) Triggering Gaps in Series 

An alternative to a rotary gap in which the timing of spark breakdown is 
controlled mechanically was the use of a fixed gap, the breakdown of which 
is controlled electrically.» One method of accomplishing this was to use a 
third electrode to which an impulse voltage was applied periodically at 
double the frequency of the resonant charging circuit. This voltage breaks 
down one gap with a discharge of energy furnished by the trigger circuit, 
which in turn causes a breakdown of the main gap, either through a modifi- 
cation of the field in this gap or through the addition of ions which reduce its 
breakdown voltage. This type of gap, however, required a strong air 
blast to de-ionize the gaps and, because of this, its use obviously presented 
no great improvement over the rotary gap. It was well known that the 
rate of de-ionization is greater the smaller the gap, so an attempt was made to 
trigger without air blast a number of smaller gaps which when connected in 
series would withstand the full switch voltage as employed in the rotary gap. 

The arrangement used was that shown in Fig.4. Six tungsten pins, 3 mm 
in diameter, were mounted with their axes parallel and spaced to give five 
0.5.mm gaps. The switch voltage was divided by means of equal high 
resistances connected across the gaps, and a highly damped bi-directional 
trigger pulse was applied to the four middle pins through capacity coupling 
asshown. Corona points were also connected in such a way that the cathode 
of each of the gaps is irradiated in order to reduce the spark delay time. 

By an appropriate adjustment of the circuit elements it was demonstrated 
that this series of gaps could be broken down by the trigger pulse and de-ion- 
ized with sufficient rapidity so that no air blast was required. 

Although no attempt will be made here to elucidate the detailed steps in 
the triggering of the five gaps just described, we can get a qualitative idea 
of the process by considering a simple two-gap and three-gap circuit which, it 
turned out, was all that was required for the various applications of fixed 
gaps as they were eventually developed. 

In the two-gap circuit, Fig. 5 (a), if the first half cycle of the trigger pulse 
and the switch voltage are both positive, gap 1 will break down when the 
potential at the mid point, due to the sum of the switch voltage and that of the 
trigger, is equal to the gap breakdown voltage, which for the moment we 
shall consider as singly valued. This effectively shorts gap 1 and throws the 
full switch voltage across gap 2 which in turn will break down provided this 
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switch voltage is equal to or greater than the breakdown voltage of one gap. 
The gaps will operate for all switch voltages up to a value equal to twice the 
breakdown voltage of one-gap when both gaps will break down without the 
addition of trigger. This, then, is the maximum operating voltage and the 
ratio of maximum to minimum operating voltage is two to one on the basis 
of this simple picture. 
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Fig. 4—Line modulator circuit with fixed gap switch composed of five 0.5 mm. air gaps 
triggered electrically. 


In the case of the three-gap circuit, Fig. 5 (b), gaps 1 and 2 may be broken 
down by the simultaneous application of a trigger pulse through capacity 
coupling. The circuit elements can be so chosen that gap 1 first breaks down” 
leaving enough trigger on gap 2, over and above that furnished by the switch 
voltage, to break it down. The full switch voltage is then applied across 
gap 3 and it will break down for values of switch voltage in excess of the 
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single gap breakdown voltage. In this case the switch voltage may be 
increased to a value three times that of the breakdown of one gap before the 
three gaps can break down without addition of trigger. Thus the ratio of 
maximum to minimum operating voltage is three to one. Ideally this 
ratio may be increased by the addition of more gaps. 
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Fig. 5—Line modulator circuit (a) using two fixed gaps as switch, (b) using three fixed 
gaps as switch. 


The operating characteristics of actual gaps do not conform exactly to this 
simple picture as we shall see later. This is because the breakdown volt- 
age of a gap is not singly valued but depends on a variety of conditions such 
as rate of rise of applied voltage, pulsing rate, and the energy of the pulse, as 
well as the type of gap employed. However, we may regard it as a qualita- 
tively correct picture of the operating characteristics of series gaps. 

A more complete description of operating characteristics will be given in a 
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later section, but, in view of the fact that the gap itself plays an important 
part in these characteristics, it seems desirable to describe first the gap types 
with which we have to deal. - 


(b) The Hydrogen-Argon Aluminum Cathode Gap 


Following the successful triggering of fixed gaps in air without the use of 
air blast for their de-ionization, experiments were undertaken with sealed 
gaps in various gas atmospheres using simple rod electrodes having their 
axes parallel. A large number of gases were tested and the conclusion 
reached that hydrogen was the most satisfactory because of its high de-ion- 
ization rate. With it fewer and wider gaps were required to meet a given 
pulsing condition. Three 4 mm. gaps in hydrogen at pressures somewhat 
less than atmospheric were approximately equivalent to the five 0.5 mm. gaps 
in air already referred to. Thus, from this point of view, the use of hydrogen 
would very greatly simplify the problem of making practical gaps. 

The spark in hydrogen, particularly with relatively small peak currents, 
was, however, unsatisfactory in that it terminated in a high-pressure glow 
with a high cathode drop rather than the low drop required for efficient 
switching. The addition of about 25% argon corrected this and about this 
proportion was used successfully in the gaps with which we are concerned in 
this report. 

Although the required operating conditions were met with this gas 
mixture, cathode erosion or sputtering was so excessive with all readily 
available cathode materials that this factor appeared as the chief obstacle in 
the way of making practical gaps. The sputtered material was deposited on 
all surfaces in the form of a fine powder which eventually destroyed the 
insulation, thereby limiting the useful life of the gaps to a few hours." 

A promising lead was, however, obtained in the case of aluminum cathodes. 
It was observed that some of the sputtered material deposited on the 
anodes opposite the cathodes from which it was removed. This deposit 
was reasonably compact and smooth, which suggested the possibility of 
reducing by gap design the extent of harmful scattering. This might be 
achieved by increasing the amount of sputtered cathode material which is 
deposited on the anode or returned to the cathode within the sparking area. 

The tube, Fig. 6, was an early attempt in this direction. This tube had 
three 4 mm. gaps between flat electrodes, the cathode surfaces having 
raised portions to confine the sparking within their areas. The gaps were 

1 At about this time we learned that the British had developed sealed gaps triggered 
by means of an auxiliary electrode and known as “Trigatrons.” These were high pressure 
gaps containing argon with a small amount of oxygen to reduce sputtering of the elec- 


trodes. The life of these gaps was determined by the time required to clean up this oxy- 
gen. Though these were tried it was decided ‘to follow an independent development 


avoiding if possible all clean up effects. 
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operated successfully for somewhat over 100 hours before enough scattered 
material accumulated to’ interfere with gap insulation. A uniform spark 
distribution was maintained throughout this time and measurement showed 
that aluminum was removed quite uniformly from the raised portion of the 
cathode to a depth of only a fraction of a millimeter. An equally thick 





Fig. 6—Three gap tube having aluminum electrodes and a hydrogen-argon atmosphere 
——actual size. 


though somewhat rougher deposit was formed on the opposing anode surface, 
thereby retaining the gap spacing very satisfactorily. About 30 milligrams 
of loose material were scattered throughout the tube. 

A more drastic but also more successful design change was introduced by 
making three separately enclosed gaps, one of which is shown in the photo- 
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graph and radiograph, Fig. 7. In these gaps the sparking area of the 
cathode was hemispherical in shape, partly surrounding a spherical anode. 
These gaps were operating successfully at the end of 1000 hours. The 
scattered material was deposited on only a portion of the glass envelope of 





Fig. 7—Photograph and radiograph—actual size—of the first unit type gap having a 
re-entrant aluminum cathode, a spherical aluminum anode and a hydrogen-argon gas 
atmosphere, after operating 1000 hours with a 40 ampere pulse of one microsecond dura- 
tion repeated 1660 times a second. 


each gap, as shown in the photograph. The extent of the material removed 
from the cathode and deposited on the anode, as shown in the radiograph, 
was such as to cause no marked change in gap spacing. Furthermore, the 
operating range remained substantially constant throughout the 1000 hours 
of operation as shown in Fig. 8. This was an important observation since it 
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indicated that there is no gas clean-up effect associated with gap operation, a 
fact that was later proved by careful measurement of gas pressure before and 
after operating gaps of this type. A section through the anode of this gap, 
Fig. 9 (a), shows that the anode deposit is not compact but assumes the form 
of a coral-like structure. This low-density deposit must, however, be 
electrically equivalent to a compact surface as shown by the constancy of 
the operating characteristics with time. 

In view of the success of this design it was decided to develop gaps of the 
unit type having anodes well enclosed by the cathode surfaces. An attempt 
to make a more practical gap is that shown in the photograph and radio- 
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Fig. 8—Maximum and minimum operating voltages as a function of time, for three 
unit gaps of the type shown in Fig. 7, when operated in series. 


graph, Fig. 10, both of which were taken after 750 hours operating time. In 
this gap the anode is an aluminum rod rounded at the end mounted con- 
centrically with the enclosing cathode which has a hemispherical closed end. 
The corona point was added to facilitate starting. Because of the higher 
anode gradient the sparking was confined to the end region of the tube as 
indicated in the radiograph, and for this reason we have designated this 
design an ‘end sparking tube’. A section through the anode, Fig. 9 (b), 
shows a deposit which in this case is compact due to the fact that the moving 
spark is confined to a smaller area than in the previous tube, Fig. 7 (a). It 
is to be noted also that the scattered material is less in extent than that 
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obtained with the first design, pointing to a more effective trapping of the 
sputtered material. 

Weight loss measurements made under a variety of pulsing conditions 
show that though the rate of cathode erosion is somewhat dependent on the 





Fig. 9—Photomicrographs (X50) of sections showing anode deposits for (a) unit gap 
shown in Fig. 7, (b) unit gap shown in Fig. 10. 


pulse duration, it depends to a much greater extent on gap design. Erosion 
rate measurements in terms of grams per coulomb are shown in Fig. 11 for 
the two gap designs there indicated and for pulse durations varying from one 
to five microseconds. It is clear that the open gap type of design in which 
the cathode is small leads to a loss which is at least five fold greater than 
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that of the “end sparking” type of gap. The smaller loss in the case of the 
latter shows that much more material returns to the cathode for resputtering 





, 


Fig. 10—Photograph and radiograph—actual size—of end sparking unit gap, after 
operating 700 hours with a 65-ampere pulse of one microsecond duration and repeated 
1660 times a second. 

e 
than in the case of the former and supports the use of the unit type gap in 
which this process can be utilized. A cylindrical cathode enclosing a rod 
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anode also behaves in this way and its erosion rate differs but little from the 
“end sparking” type of tube; in fact, the practical gaps to be described in 
TI-(f) are essentially of this type. © 

With these facts in mind it would appear that gaps could be designed to 
meet a variety of pulsing conditions if the total number of ampere hours for 
a pre-assigned life were known, for the electrode areas could be so adjusted 
that the changes in gap spacing would be as small as required. Analysis of 
the gradients associated with the end sparking type of gap shows that there 
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Fig. 11—Cathode loss, in grams per coulomb, as a function of pulse duration showing 
effect of gap design. 


can be a considerable build-up on the anode before there is much change in 
the maximum gradient which determines the spark-over voltage. 
Experience with gaps designed for a variety of pulsing conditions showed 
that substantial anode build-ups could be tolerated without interfering with 
operating conditions, but not as much as theory would predict for an unex- 
pected factor had a controlling influence on gap life. This factor was the 
failure of the spark to keep moving under certain condition’ with the result 
that spikes were grown on the anode which introduced a rapid deterioration 
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of the operating range due to an increase in anode gradient and also in part 
to a decrease in gap spacing. 

Both the relatively large anode build-up, which may be tolerated without 
interference with gap operation, and the nature of spike growth, which lim- 
ited useful life, are illustrated in the radiographs, Fig. 12. It is to be noted 
that the spike is almost of uniform cross section along its length and radio- 
graphs made at various stages of its formation show that growth takes place 


fe 





Fig. 12—Radiographs showing two views of the uniform deposit and subsequent spike 
growth on the anode of an end sparking unit gap. 


atitsend. This indicates a high concentration of negative ions in the vapor 
prior to deposit on the anode. 

Life test data in which the pulse repetition rate was kept constant at 200 per 
second are shown in Fig. 13 for gaps having a fixed spacing but in which the 
peak current is varied (a), and for gaps having a variety of spacings but in 
which the peak current is kept constant (b). The life is measured in terms 
of hours to the beginning of spike growth. Both “‘end sparking” and “side 
sparking” tubes were employed in the tests. These data clearly show that 
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if lives longer than 500 are to be obtained, there is a limiting peak current of 
about 70 amperes with gap spacings of 250 mils or with a peak current of 70 
amperes there is a minimum spacing of 250 mils. Similar data were obtained 
indicating a different critical spacing for other pulsing conditions. 

This factor of a critical gap spacing imposed an important restriction on 
gap design for it was desirable to make gap spacing as small as possible for 
any given project. This follows because of gap size and weight, also—as 















































900 =| —— pee 
©-END SPARKING TUBES 
0 §-SIDE SPARKING TUBES 
800 
(a) (b) 
700 2 
600 L 
a 
5 500 — 
z 
wy 400 
a 
300 
200h 
100 a 
~ -7 
0 50 100 150 0 100 200 300 
PEAK CURRENT IN AMPERES GAP SPACING IN MILS 


Fig. 13—Life in hours measured to the beginning of spike growth obtained with 5-micro- 
second pulses repeated 200 times a second (a) for a 60-mil gap and various peak currents, 
(b) for a fixed peak current of 70 amperes and various gap spacings. 


we shall see in II-(e)—because of switching efficiency. This led to the 
development of a variety of unit gaps as described in II-(f). 


(c) The Mercury Cathode Gap 


Farly in the study of the aluminum cathode gap it was realized that the 
sputtering difficulty might be largely if not entirely eliminated through the 
use of mercury as a cathode and the suppression of reverse current to avoid 
sputtering of the anode. It was shown that simple mercury pool cathode 
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gaps could switch peak powers in the megawatt range for long periods of 
time with stable operating characteristics. Under the urge for still higher 
powers than those which were handled by the aluminum cathode gaps, 
experiments were undertaken to develop a mercury cathode type of gap. 

The main difficulty in the way of using mercury as a cathode is a mechani- 
cal one, as the conditions of operation of spark gap switches, particularly for 
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Fig. 14—Schematic drawing of an iron sponge mercury cathode unit gap—actual size. 


airborne radar, demand that the sparking surface be rendered substantially 
quiescent. Preliminary experiments were made with metal baffles as damp- 
ing agents and with metal wicks to furnish a mercury sparking surface. The 
latter led to the development of a sintered iron sponge saturated with 
mercury as the best means of obtaining a satisfactory cathode. 

The constructional details of one of the earliest tubes of this type are given 
in the sketch, Fig. 14. The sintered iron sponge, a cross section of which is 
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shown ‘in the photomicrograph Fig. 15, is about 60% porous. It was pre- 
pared by pressing iron powder in the Kovar cup and sintering in a hydrogen 
atmosphere. A special heat treatment to remove oxide made it possible to 
fill all pores of the sponge with mercury and to supply a mercury film on its 
surface. Under sparking conditions mercury from this film is evaporated 
and is condensed on the tube walls, eventually returning to the cathode. 
Due to capillary action the film is continuously replenished. This film 
protects the iron sponge from sputtering provided that there is sufficient 





Fig. 15—Photomicrograph (X15) of a section through a sintered iron sponge showing 
porosity. 


cooling of the cathode to maintain the mercury film at a temperature below 
its boiling point. 

These gaps are not temperature sensitive as are most electronic devices 
containing mercury. This is because the mercury vapor plays no essential 
role in the spark discharge, as indicated by the fact that dissipation measure- 
ments—discussed in II-(e)—show its dependence on the hydrogen-argon 
rather than on the nature of the cathode material. With adequate cathode 
cooling gaps of this type operate satisfactorily over a range of ambient tem- 
perature at least from —50°C to over 100°C. Practical gaps constructed 
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with iron-sponge mercury cathodes were developed to the manufacturing 
stage, as discussed in II-(f). 

In addition to being capable of switching higher peak powers than alumi- 
num cathode gaps, the mercury cathode gaps can be designed to have supe- 
rior operating characteristics. Through the use of small radius anodes not 
possible with the aluminum cathode gaps, a wider operating range and much 
less time “‘jitter” can be attained. The small anodes build up corona at 
voltages less than those of breakdown, thus fumishing radiation prior to 
breakdown. For special applications, gaps have been developed having a 
range approaching 3 to 1 in a two-gap circuit, capable of switching 10 mega- 
watts peak power, for many hundreds of hours, and having a time “jitter” 
of less than 0.02 microseconds at the operating voltage.: 


(d) Starting and Operating Characteristics 


It has already been stated in II-(a) that starting and operating charac- 
teristics of series gaps cannot be interpreted simply because, under the’ 
circuit conditions of rapidly varying voltage, the breakdown voltage of a 
spark gap is not singly valued. Because of spark formation time the 
minimum voltage at which a spark gap will break down increases as the rate 
of rise of the voltage across it increases. Further, due to spark delay time, 
the voltage across the gap at breakdown is usually still higher than this 
minimum value. It is therefore impossible to designate a unique 
breakdown voltage of a spark gap when the voltage across it is increasing 
with time. It is, however, possible to find a practical minimum and maxi- 
mum breakdown voltage for a particular rate of rise of voltage. The differ- 
ence between this maximum and minimum value isa measure of the maxi- 
mum spark delay time. It is for the purpose of reducing this spark delay 
time that corona points (or radium) are introduced, and it will be shown that 
the value of both spark delay time and spark formation time have an im- 
portant bearing on the operational characteristics of fixed gaps. 

_In addition to rate of voltage rise, the breakdown voltage of a spark gap 
depends on the amount of ionization in the gap due to a previous spark. 
When a spark discharge stops, a column of highly ionized gas is left in the 
gap. Although this column is rapidly de-ionized by recombination and 
diffusion of ions, a lower breakdown voltage is found for many micro- 
seconds in consequence of this residual ionization. The minimum value 
of the breakdown voltage of the gap is therefore a function of the time 

2F. S. Goucher, J. R. Haynes and E. J. Ryder, High Power Series Gaps Having Sin- 
tered Iron Sponge-Mercury Cathode, P.B. 19640, U. S. Department of Commerce, Office 
of the Publication Board. 

3J. R. Dillinger, Operation of Sintered Iron Sponge-Mercury Cathode Type Series 


Gaps at S.C.I., A-E.W. and 5 Microsecond Conditions, P.B. 13270, U. S. Department of 
Commerce, Office of the Publication Board. 
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after the spark ceases and is called the re-ignition voltage of the gap. It 
will be shown that this re-ignition voltage determines to a large extent 
the starting voltage of the fixed gaps. 

Before describing the sequence of events required for starting and operat- 
ing, it is desirable to define our terms more precisely than we have defined 
them up to this point. The minimum operating voltage is the lowest switch 
voltage at which the tubes will continue to break down 100% of the time 
under the action of the trigger pulse, and the maximum operating voltage 
is that higher switch voltage at which spontaneous breakdown of the series 
of gaps never occurs. Thus the operating range of voltage is that which 
includes those voltages existing across the series of gaps, at the time of 
application of trigger pulse, for which the tubes always break down under 
the action of the trigger pulse but never before. Starting voltage is defined as 
the minimum value of d-c voltage at which a series of gaps can be made to 
break down under the action of the trigger pulse. Starting thus differs 
fundamentally from operating in that while operating demands that the 
series of gaps always breaks down under the application of the trigger pulse, 
starting requires only that the gaps break down once in many trigger pulses 
occurring in a fraction of a minute. Thus, a starting voltage is always lower 
than the minimum operating voltage. However, due to the doubling of the 
switch voltage when starting occurs, the d-c power supply voltage required 
to start may be higher than the d-c power supply voltage at the minimum. 

The results of a quantitative oscillographic analysis of starting and oper- 
ating characteristics of a pair of preproduction W. E. 1B22 tubes! are now 
presented in detail, for they are qualitatively representative of all spark gaps. 
These tubes operate in a two-gap circuit, a schematic of which is shown in 
Fig. 5 (a). The analysis is carried out by an examination of the voltage- 
time wave which occurs at the point of application of the trigger pulse, the 
midpoint of the two gaps. It will help in understanding the oscillograms® 
which follow if it is borne in mind that the voltage across gap 1 is the voltage 
shown on the oscillogram with respect to ground or “0” voltage, while the 
voltage across gap 2 is the voltage shown on the oscillogram with respect 
to the switch voltage. 

The sequence required for starting is shown in Fig. 16 (a). Just before 
the application of the trigger pulse the voltage at the midpoint of the two 
gaps is half that of the applied d-c by virtue of the resistance divider. When 
the trigger pulse is applied, the voltage rises to A (3.8 ky) which is the mini- 
mum breakdown voltage for these tubes with voltage rates of rise 
encountered in the trigger pulse. Gap 1, therefore, may break down at A 
= ( ae tubes contain both corona points and radium to reduce spark delay time (see 

-(€)). 


, 5 The time scales of these oscillograms are expanded in regions of very rapidly reversing 
voltage in order to make clear the sequence of events. 
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Fig. 16—Oscillographic traces of voltage vs. time as measured at the mid-point of a 
two-gap circuit during breakdown of 1B22 tubes, (a) for starting, (b) for operation at 
minimum switch voltage. 
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passing a low-energy spark supplied by the trigger circuit. In consequence 
of this, the voltage drops sharply to B and then the discharge stops since the 
voltage (v) remaining is insufficient to maintain the discharge. This 
voltage, called the extinguishing voltage, is about 0.2 kv for these low energy 
sparks. Gap 1 is now ionized and has the independently measured re-igni- 
tion voltage characteristics, R, as shown. Under the action of the trigger 
pulse the voltage then proceeds to C + AC when gap 2 may break down since 
it has the minimum required voltage across it (3.8 kv). When this occurs, 
the voltage rises sharply to D, which falls short of the switch voltage by the 
amount of the extinguishing voltage (v). At this point gap 1 may re-ignite. 
If this occurs both gaps are simultaneously conducting and the switch volt- 
age drops to L while passing the high-current pulse of energy from the net- 
work. This sequence occurs relatively infrequently. 

Because of spark delay time, instead of breaking down at A, gap 1 may 
break down at some higher voltage, or not at all. Instead of gap 2 breaking 
down at C + AC, gap 1 may break down in the reverse direction at any 
voltage higher than C, its re-ignition voltage, and is only prevented from 
doing so by spark delay time. Also, because of this delay time, gap 1 will 
usually fail to re-ignite at D, its re-ignition voltage, and since D is also the 
extinguishing voltage (v) for gap 2, the potential will drop to G under con- 
trol of the trigger pulse. If any one of these things occurs the gaps will not 
start on that particular application of trigger pulse. However, since the 
pulses are applied at the rate of many hundred a second, it is usually only a 
fraction of a second until the desired sequence is obtained. 

From the conditions essential for the consummation of each of the three 
steps necessary for starting, it follows that the starting switch voltage Va, must 
be equal to A — (R + AC) orv + R, whichever is the greater. Since R, the 
re-ignition voltage, increases with time, A — (R +AC) decreases while » + R 
increases with time. A minimum for V4. will, therefore, be obtained when 
the period of the trigger voltage wave is such that when gap 2 breaks down, 


A—(R+AC) = 0+ R, (1) 
and since also for this minimum 
Vac = A — (R+ AC) ' (2) 
we get : 
Vie= 4— “te. (3) 


By substituting the observed constant values of A, AC and » in (3) we get 
Vae = 1.5 kv, which is the value of switch voltage depicted in the diagram. 
This diagram is, therefore, that for optimum period of the trigger voltage 
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Fig. 17—Oscillographic traces of voltage vs. time as measured at the mid-point of a 
two-gap circuit during breakdown of 1B22 tubes (a) for normal operating switch voltage 
(b) for operation at maximum switch voltage. 
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wave. That this is actually a minimum was demonstrated experimentally 
by varying the period of the trigger pulse. Vac increased for pulse periods 
both greater than and less than that shown in the diagram. The increase 
was small and so is of no great practical interest, but it does confirm the pre- 
diction made on the basis of the above analysis. 

After the tubes have started the switch voltage is nearly double the d-c 
voltage, and the tubes will operate continuously if the switch voltage is 
above the minimum operating voltage. The sequence of events near the 
minimum operating voltage is shown in Fig. 16 (b). During operation the 
spark delay time is much less than during starting, as indicated by a smaller 
voltage is established. 
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Fig. 18—Maximum operating voltage of 1B22 tubes in a two-gap circuit as affected by 
pulse repetition rate for a variety of pulsing conditions as follows: 


Pulse Duration Load in 
Curve in Microseconds Ohms 
1 0.75 55 
2 0.75 30 
3 0.75 15 
4 1.50 30 


Of course, no spark gap tubes are designed to operate very close to their 
minimum operating voltage. A margin of safety is always maintained. 
The characteristics of these tubes with a switch voltage at a practical operat- 
ing voltage isshown in Fig.17 (a). Gap1 breaks down between A and A + AA 
and before gap 1 is extinguished gap 2 breaks down between C and C + AC. 
Since in this case both gaps are conducting simultaneously, the main pulse 
passes without re-ignition of gap 1. The voltage at the midpoint of the 
two discharges rises to a value between D and D + AD, due to the rapid 
change of spark impedance. This sequence always takes place since ample 
margin is provided. 
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If the switch voltage has been increased to a value near the maximum 
operating voltage, the voltage-time characteristic shown in Fig. 17 (b) 
results. Exactly the same sequence occurs as before. However, if the vol- 
tage be slightly increased above the value shown, the gaps can break down 
spontaneously during the network charging cycle and before the application 
of the trigger pulse, even though the value of A is some 20% greater than the 
charging voltage applied to the gap. This is the expected effect of spark 
formation time on minimum breakdown voltage since the rate of rise of 
trigger voltage is far higher than that of the network charging voltage. 
When spontaneous breakdown occurs, because of circuit conditions, both the 
rate of rise of the voltage of the network charging cycle and its peak value 
are increased. Since the switch voltage arrives at a higher value in a shorter 
time, spontaneous breakdown is most likely to occur again. The effect is 
cumulative so that, after a few increasingly frequent cycles, an arc is 
established. It is clear that this arcing must never be allowed to occur in 
the operating range. 

These characteristics were taken while using a current pulse of 0.75 us 
duration at a repetition rate of 1000 per second and a 30 ohm resistance load. 
This produced a peak current at the maximum operating voltage closely 
closely equal to the switch voltage divided by twice the resistance load, or 
about 100 amperes. Under these conditions, due to the relatively low pulse 
repetition rate, there is little residual ionization in the gaps at the time of the 
next pulse, so that the gaps have closely recovered their maximum break- 
down voltage. However, as the pulse rate is increased, thus decreasing the 
time between pulses, the value of switch voltage at which the gaps break 
down spontaneously is found to decrease due to residual ionization. Thus 
the maximum operating voltage is a function of the pulse repetition rate. 

The decrease of the maximum operating voltage as a function of pulse 
rate, for these tubes, is shown in Fig. 18 for a variety of pulsing conditions. 

Curve 2 was obtained with the 0.75 us pulse and a 30-ohm load. It will 
be observed that the maximum operating voltage decreases with pulse rate 
in the expected manner. ; 

If the peak current of the pulse be decreased, fewer ions are produced in 
the spark and so at any given time after the pulse one would expect less 
residual ionization in the gaps. Curve 1 was obtained by keeping the pulse 
duration the same as before but increasing the load resistance to 55 ohms. 
Thus the current at a given switch voltage was reduced to 30/55 of its former 
value. It will be seen that, as predicted, the drop of maximum operating 
voltage with increased pulse repetition rate is less. 

Conversely, if the current is increased the opposite effect is produced. 
Curve 3 was obtained by decreasing the load resistance to 15 ohms while 
keeping the pulse duration constant. This gives twice the peak current at 
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the same switch voltage as that of Curve 2 with a resultant increased residual 
ionization and a decrease of maximum operating voltage at the higher pulse 
repetition rates. 

If, instead of doubling the current, the pulse duration be doubled, a 
similar increase in residual ionization is produced. Curve 4 was obtained by 
doubling the pulse duration (1.5 us) and using a 30 ohm load. Thus, while 
the current is the same as Curve 2, the current pulse has twice the duration. 
It will be observed that for these pulses, doubling the time of pulse is the 
equivalent of doubling the current. 

One might expect that the minimum operating voltage would also decrease 
as the pulse repetition rate is increased. However, experimentally it is 
found that, for these tubes, the minimum operating voltage is nearly con- 
stant and, therefore, independent of residual ionization. This result is 
produced largely because the maximum breakdown voltage of the gaps at 
the extremely high rate of voltage-time change encountered in triggering at 
the minimum is little affected by this amount of residual ionization. 

Since the minimum is nearly constant the operating range of voltage of 
these tubes is a decréasing function of the pulse repetition rate, current, and 
pulse duration. This is in general true of all fixed spark gaps; however, the 
amount of decrease of operating range depends on the spark gap spacing, 
gas atmosphere and geometry of the electrodes. 


(e) Dissipation and Switching Efficiency 

In II-(d) we considered the voltage-time relationships leading to the 
simultaneous breakdown of series gaps. In this subsection we will consider 
the voltage and current relationships with time during this breakdown, and 
their bearing on spark dissipation and switching efficiency. 

In Fig. 19 (a) are shown a voltage-time and current-time trace obtained 
oscillographically with a pair of 1B22 gaps. The voltage is measured across 
both gaps and corresponds to the dotted traces shown for switch voltage in 
Fig. 17 (a). The current pulse is shown in proper time relationship with the 
voltage trace. Similar traces are obtained for any pulse duration and peak 
current. These, then, may be considered as typical of all pulses produced 
by spark switching with these gaps. 

In Fig. 19 (b) is plotted the impedance of both gaps with time, from which 
we see that the impedance of this switch falls rapidly in a small fraction of a 
microsecond to an average value of only a few ohms while the main current 
pulse is passing. The tail of the trace showing a negative impedance is due 
not to the gaps but to inductance inherent in their leads. 

The solid trace, Fig. 19 (c), shows the product of voltage and current in 
kilowatts plotted against time. The integrated area of this plot corresponds 
to the dissipation per pulse of both gaps. This area is independent of the 
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Fig. 19—Pulse characteristics of two 1B22 tubes operated in series. 
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pulse repetition rate, enabling one to determine the gap dissipation for any 
project by multiplying the loss per pulse by the repetition rate. 

This area can be divided into two parts as suggested by the two shaded 
blocks Iand II. The first part corresponds to the energy dissipated initially 
by the trigger and then by the pulse forming network in the brief transient 
period when the voltage across and the current through the gaps are changing 
rapidly. The former is comparatively small and usually can be neglected. 
The latter attains a maximum value of power when the impedance of the 
gaps approximates that of the load. The second so-called steady state part, 
corresponding to block II, represents the energy lost during the main pulse 
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Fig. 20—Dissipation per gap per pulse vs. pulse duration for 1B22 gaps operated in 
series with a peak current of 70 amperes. 


when the impedance of the gaps is low and comparatively constant. Its 
value will depend on both the pulsing conditions and the gaps themselves. 

A calorimetric study was made of the dissipation of gaps as affected by 
various parameters. This method was superior to the oscillographic 
approach in that it afforded greater accuracy and ease of measurement. The 
curve, Fig. 20, shows observations in terms of joules per pulse per gap 
obtained calorimetrically with the 1B22 type tube as a function of pulse dura- 
tion in microseconds. The peak current in all cases was 70 amperes and the 
trigger energy was included. It is clear that for pulse durations greater than 
0.5 microseconds the dissipation D in joules per pulse per gap is given by 


D=A+ Bt (1) 
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where A is the intercept of the extrapolated solid straight line through the 
value of AA and AC. There are reasons for believing that this is due primar- 
ily to the higher electrode temperature, but is doubtless aided by residual 
ionization left over by the high-energy sparks now passing. As a conse- 
quence the first gap always breaks down at voltages intermediate between 
A and A+ AA. Gap 2 always breaks down at voltages betweenC and C 
+ AC, below the re-ignition voltage of gap 1, and gap 1 always re-ignites 
at voltages between D and D+ AD allowing the main pulse of current to 
current to pass at a voltage E. However, if the switch voltage is decreased, 
C + AC will occasionally cross the re-ignition voltage characteristic R of 
gap 1. Gap 1 can then re-ignite and thus the gaps will not fire on the 
application of that trigger pulse. A second way in which the gaps can miss 
is by failure of gap 1 to re-ignite at D, Even though either of one of these 
events occurs only once in many thousands of pulses, a minimum operating 
observed points and where B is the slope of this line. The shaded blocks I 
and II of Fig. 19 (c) were obtained from values of the two terms A and Bt, 
respectively, showing graphically the agreement between the calorimetric 
and the oscillographic methods. 

As a result of calorimetric measurements on a wide variety of gaps having 
either aluminum or mercury cathodes and operated under a wide variety of 
pulsing conditions, we have been able to establish an empirical formula for 
the dissipation D in joules per pulse per gap in terms of these gap parameters 
and pulsing conditions as follows: 


D = 5.7(10)-71,S + [40 + 3.9(10)- p 9-48] Z,t. (2) 


Here J, is the peak current in amperes, S the gap spacing in mils, p the gas 
pressure of hydrogen-argon in inches of mercury, and ¢ is the duration in 
seconds of an idealized square-top wave equivalent in ampere-seconds to 
the actual current wave. This formula holds for either aluminum or mer- 
cury cathodes and is independent of gap design. _ It is modified only slightly 
when pure hydrogen is substituted for the hydrogen-argon mixture, the 
constant 3.9(10)-? becoming 3.1(10)-*. It is based on many measure- 
ments in which the parameters covered the following ranges: 


PARAMETER RANGE 
Ss 40-350 mils 
p 28-50” Hg. 
t 1-6 X_10~ seconds 
Ip 45-1070 amperes 


After calculating the value of D from Equation (2) the dissipation in watts 
per gap for any project is obtained by multiplying by the pulse repetition rate. 
This equation does not include the trigger energy dissipated which usually 
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can be neglected but which can be measured independently and added if so 
desired. 

It is to be noted that the first or transient term of the formula is unaffected 
by pulse duration and argon content and-depends at least to a first approxi- 
mation on only the peak current and length of spark. The numerical 
constant includes the time of this transient, the average gradient during 
this period, and a factor to reduce the peak current to an average value. 
The portion of the second or steady state term within the brackets represents 
the average voltage across a gap when it is highly conducting and is 
approaching the characteristics of a steady arc. This average voltage is 
separated into two parts. The first part, 40 volts, is the sum of the cathode 
and anode drops arising from space charges at the electrodes. The second 
part is the voltage drop along the positive column which has a pressure 
dependent uniform gradient and which is of the order of 100 volts per cm. 
It is only this gradient which is perceptibly altered when argon is added to 
the hydrogen. 

From this formula it is possible to calculate the switching efficiency for 
any design of gap and set of pulsing conditions within the specified range of 
parameters covered by the formula. Calculation shows that with three 
gaps in series the switching efficiency in all projects was at least 90%, whereas 
with two gaps in series it was in most cases as high as 96%. 


(f) Development of Fixed Gaps for Manufacture 


The designs of the fixed gaps for manufacture were dictated by the re- 
quirements of particular modulators. Under the code number of each of the 
gaps a brief description is given of the electrical and mechanical require- 
ments which had to be met. 


W.E. 1B22 


The 1B22 fixed gap tube is an aluminum cathode type with a hydrogen- 
argon filling. An exterior and a cross-sectional view are shown in Fig, 21. 
This fixed gap tube was developed for the modulator of an airborne radar 
known initially as ASH and later an AN/APS-4. In this modulator two 
tubes are used in series to switch a peak power of about 105 kilowatts into a 
W.E. 725A magnetron. It was desirable that the peak voltage in the modu- 
lator section be kept fairly low so that the circuit would perform satisfac- 
torily at high altitude even when the pressurizing container was damaged. 
Furthermore, the equipment was to be very compact and light in weight. . 

In order to meet the requirements of this radar, two tubes were used in 
series with a peak switching voltage of 4 kilovolts. They were required to 
pass a current pulse of 67 amperes for 0.75 microseconds at two repetition 
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rates, one of 600, the other of 1000 pulses per second. They were also to 
operate for short periods at 2.25 microseconds and 330 pulses per second. The 
main problems in the design of such a tube were those of obtaining an ade- 
quate service life and a sufficiently low starting voltage. 

As pointed out in II-(b), the life of an aluminum cathode gap of this type 
is critically dependent upon the anode-cathode spacing. For this tube a 
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Fig. 21—Western Electric 1B22 spark gap tube. 


spacing of approximately 150 mils was selected, the gas pressure being 20 
inches of 75% hydrogen and 25% argon. This gave a life of about 500 
hours for the 0.75 microsecond pulse, and a much shorter life for the 2.25 
microsecond pulse. However, since the latter pulse duration is used only 
a small part of the time, the service life proved to be adequate. In order 
to obtain the maximum life from each tube, it was necessary that the anode 
and the cathode depart no more than a few mils from concentricity. Other- 
wise the sparking would not be uniformly distributed radially, leading to a 
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non-uniform anode build-up and a shortened life. Furthermore, in order 
to prevent failure of the tube, due to sputtered material destroying the 
insulation of the interior glass walls, the inside diameter of the cathode was 
enlarged near the open end, thus confining the sparking to the deeper por- 
tion of the cathode cylinder. 

As discussed in II-(d) the starting voltage of a pair of fixed gap tubes is 
particularly important. The operating voltage of the tubes in this case is 
approximately 4 kilovolts which is derived from the resonant charging of the 
pulse shaping network condensers from a high voltage supply of about 2.2 
kilovolts. The open circuit voltage of this supply is about 2.7 kilovolts. 
This, then, is the voltage available for starting the gaps. In order to make 
the gaps start at a voltage well below this value, corona points were intro- 
duced at the end of the cathode opposite the end of the anode, a small 
quantity of radium was also introduced in this region, and the anode diame- 
ter was reduced to the lowest value consistent with long life. The effective- 
ness of the corona points and the radium was reduced by the sputtered 
material during the life of the tube, but the irregular deposition of this 
sputtered material favored the production of corona and actually reduced 
the starting voltage to a lower value than that for a new tube. 

The tube was designed for fuse clip mounting but it was found that the 
acceleration imparted to the tube when it was snapped into heavy clips was 
greater than that encountered in flying service. Accordingly, a special 
mounting was devised so that the tube would not be broken when being 
installed in the radar set. By the end of the war these tubes had been 
installed in approximately 15,000 radar equipments. 


W.E. 1B29 


The 1B29 fixed gap tube is similar in constructional details to the 1B22 
except that it is,smaller, the gap spacing being only 90 mils. An exterior 
and a cross-sectional view of the tube are shown in Fig. 22. 

The gaps were designed to switch 2.8 kilovolts and to pass a peak current 
of about 27 amperes for 0.75 microseconds at a repetition rate of 2000 pulses 
per second. The main design problems were those of adequate life and sta- 
bility of tube drop during conduction. 

The small size of these gaps resulted in a life of only 300 hours which was, 
however, quite adequate for this application. As pointed out in II-(b) the 
argon was added to the hydrogen to ensure a uniform low impedance on 
sparking. The extremely small peak current required an increase in the 
amount of argon to 50% instead of the usual 25%. 

In mechanical construction, the 1B29 is essentially a scaled-down 1B22. 
Because of the smaller size of the tube, no new problems existed in making it 


rugged. 
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Sufficient tubes were manufactured to supply approximately 3000 radar 
equipments. 





Fig. 22—Western Electric 1B29 spark gap tube. 


W.E, 1B31 


The 1B31 fixed gap was also an aluminum cathode gap, with a gap spacing 
of 300 mils and 24 inches of 75% hydrogen and 25% argon. An exterior 
and a cross-sectional view are shown in Figure 23. This gap was developed 
for an airborne radar. This modulator was required to furnish a peak power 
of 230 kilowatts to a W.E. 2J53 magnetron. The modulator was also to 
provide a range of pulse durations and repetition rates extending from 0.25 
microseconds at 1600 pulses per second to 5.0 microseconds at 200 pulses 
per second. 

In order to meet these requirements, two 1B31 tubes were used with a 
peak switch voltage of 8 kilovolts and a peak current of 75 amperes. By 
using a 300 mil spacing, a life greater than 500 hours was obtained at 200 
pulses per second, 5 microseconds and 75 amperes. The other operating 
conditions were less severe from the life standpoint. 

The wide spacing used meant a considerable increase in the size of the cath- 
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ode over the previous designs. To make this tube rugged, both electrodes 
were supported from large diameter kovar-to-glass seals. During assembly 
the cathode end of the tube was open so that a tool could be inserted to 
hold the anode concentric with respect to the cathode, while its supporting 
member was sealed to the glass. A cup was then brazed in to cover the cath- 
ode opening. 





Fig. 23—Western Electric 1B31 spark gap tube. 


Several hundred models of this tube were made in the laboratory and 
performed satisfactorily in the circuit. Due to circuit design changes, 
however, these tubes did not go into large scale manufacture. 


W.E. 1B42 


The 1B42 fixed gap tube departs considerably in design from the 1B22 
and 1B29 in that mercury instead of aluminum was used as cathode. Its 
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construction is illustrated in Fig. 24. This tube was developed for radars 
which were for long range search on shipboard. In these modulators three 
tubes were used in series to switch a peak power of 0.8 megawatts and 1.4 


| 





Fig. 24—Western Electric 1B42 spark gap tube. 


megawatts, respectively, into high power triode oscillators. These modula- 
tors were to be capable of operation at either half or full power. The equip- 
ment was to be capable of withstanding the shock and vibration normally 
encountered on shipboard. 

The series of gaps was required to operate with peak switch voltages 
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varying from 10.5 to 17.1 kilovolts, and to pass a maximum current of 200 
amperes for 6 microseconds at a repetition rate of 180 pulses per second. 
They were also required to operate with 1.5 microsecond pulses at 600 pulses 
per second. The main electrical design problems were those of obtaining 
a wide voltage operating range and an adequate life with large peak currents 
and long pulses. 

As discussed in II-(c), the use of an iron sponge mercury cathode with a 
molybdenum rod anode provided a wide voltage operating range as well 
as a long life with 200 ampere, 6 microsecond pulses. The mercury sponge 
cathode also met the vibration and shock requirements of shipboard opera- 
tion, 

In order to secure good wetting of the sintered sponge, which was essential 
to a long life, a special construction, as shown in Fig. 24, was used. The 
sponge was sintered directly into the bottom of a Kovar cup which had’ six 
radial vanes welded into it. These served to anchor the sintered material 
as well as to conduct the heat away from the center of the cathode. After 
the ahode assembly and glass envelope were attached to the upper Kovar 
flange, the two sub-assemblies were welded together by means of a single 
ring weld. This allowed a minimum of handling of the sintered material 
and eliminated all glass work after the sintered material was inside the tube. 

The processing of the tube consisted of first evacuating and then of heating 
the lower portion to 800°C while passing purified hydrogen through the tube. 
After the sponge had partially cooled, the mercury was introduced and wet- 
ting took place instantly. 

Since the temperature of the center of the sponge must be kept below 
the boiling point of mercury, in addition to the internal vanes described, 
the Kovar cup was soldered into a block of copper to which was attached a 
folded copper radiator. 

Several hundred models of the tube were made in the laboratory and 
delivered to the Navy and to equipment manufacturers. Full manufacturing 
information was turned over to the Navy which in turn issued a contract for 
the procurement of several thousand tubes. 


Ratings 


The ratings of the four different models of spark gap tubes developed by 
the Laboratories are summarized in Table 1. In order to permit the use of 
these gaps under a wide variety of operating conditions, yet prevent the 
simultaneous application of the maximum values of peak ‘current, pulse 
duration, and repetition rate, a special system of rating was evolved. In 
addition to placing a maximum value on each of these three quantities a 
maximum value was also placed on the product of any two of these quan- 
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tities. For instance, one of these products would prevent the use of very 
high peak currents along with very long pulses, a combination which would 
give a very short life, especially with aluminum cathode gaps. Or another 
product would prevent the use of the tube at both high peak currents and 
high repetition rates, a condition which would not allow adequate de- 
ionization between pulses. The later types of gaps were rated in this man- 
ner. 


(g) Evaluation of the Fixed Gap as a Modulator Switch 


In order to compare the performance of fixed gaps in radar modulators 
with that of other switching devices, as well as to assess their future pos- 
sibilities, we may consider them with respect to the following points. 


Tare I 
Ratincs or W. E. Frxep Spark Gap TuBEs 





| Operating Operating 
Repetition icro-| Voltage oltage Peak | Peak Voltage 
Rate—pps | Peak | Pulse |™G%°) Range | Ranges | Trigger | Trigger Required for 
Tube Cut- ) Dura! iombs | gap Ckt. kv | gap Ckt. kv | Voltage jVoltage | Starting 
Type rent | tion 3gap | 3 gap 
Se, S ———|Ckt. kv | Ckt. kv 
Max. | Max. | 47s Nom- | Nom- | 2 gap | 3 gap 





Min. | Max. Min.| Max. | Min. | Max. | inal inal 
Min, | Min, 
1B29 | 500} 2100) 30 | 0.75} — | 2.6} 3.0) — | — 3.0} — |1.9}) — 
1B22 | 300) 1100) 75 | 0.75) — | 3.8) 5.4, — | — 5.0)°>— |2.5] — 
1B31 | 200} 1600} 300 | 5.0 | 375) 7.3) 9.2; — | — 8200) > | 6.2) 
1B42 | 160} 1500} 300 | 6.1 | 1280) 9.0) 11.4) 10.5) 17.1) 10.0 | 15.0 | 6.5 | 8.5 





(More complete information on the above tubes is contained in the JAN Specifications 
for individual tubes.) 


1) Peak current—The present coded tubes cover a range of currents 
from 20 amperes to 300 amperes. Experimental tubes have been 
tested up to 1000 amperes, and indications are that even larger cur- 
rents are possible. 

2) Switch voltage—The present tubes cover a range from 2.6 to 17.1 
kilovolts. Experimental tubes have been tested up to 30 kilovolts, 

3) Peak power output—With the limits of peak currents and voltages on 
the present tubes, power outputs of 25 kilowatts to 2.2 megawatts 
are possible. Experimental tubes were made which were capable of 
furnishing 15 megawatts. Much larger power outputs seem possible. 

4) Pulse duration—The maximum range of pulse durations covered by 
any of the present tubes is from 0.25 to 6 microseconds. For pulses 
shorter than 0.25 microseconds the efficiency of these tubes would 
decrease rapidly. Pulse durations much greater than 6 microseconds, 
however, could probably be used if proper attention is given to cooling. 


602 
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6) 


7) 


8) 


9) 
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Pulse repetition rate—A range of 160 to 2100 pulses per second has 
been covered by coded tubes. Experimental tubes with very short 
gaps have been tested up to 10,000 pulses per second. However,. 
the design of tubes for practical operation in this region would entail 
considerable effort. 

Operating voltage range—Although a given set of tubes may exhibit a 
wide range of operating voltage on a laboratory test, the rated range 
must be considerably less because of manufacturing variations and 
changes during life. However, since most radar modulators operate 
at a fixed power level, this limitation is not a serious one. 

Trigger requirements—The spark gap tubes require a high-voltage 
low-current trigger supply. While this is more difficult to obtain 
than the low-voltage supplies required by some other modulators, it 
caused no real difficulty in practice. 

Time jitter—Although the time jitter of coded tubes is of the order of 
one microsecond, experimental tubes have been made which have, 
at the operating voltage, a jitter of the order of one hundredth of a 
microsecond. 

Efficiency—The switching efficiency for all of the past applications of 
fixed gaps has been in the range of 90 to 96 percent, which makes the 
fixed gap one of the most efficient switching devices for radar. 


10) Simplicity of manufacture—Since the unit type of fixed gap has only 


two elements of simple geometry, its manufacture is relatively easy. 


11) Dependability—The dependability of the fixed gap has been demon- 


strated by its satisfactory performance in its extensive application. 
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The Gas-Discharge Transmit-Receive Switch 
By A. L. SAMUEL, J. W. CLARK and W. W. MUMFORD 


‘HE gas-discharge transmit-receive switch has become an accepted 

part of every modern radar set. Indeed, without such a device, an 
efficient single-antenna micro-wave radar would be nearly impossible. 
Many of the early radar sets made in this country employed separate 
antennae for the transmitter and receiver. The advantages of single 
antenna operation are so apparent as hardly to require discussion. The 
saving in space or, if the same space is to be occupied, the increase in gain 
and directivity of a large single antenna is, of course, apparent. But 
even more important, perhaps, is the tremendous simplification in tracking 
offered by a single antenna, particularly where a very rapid complex scanning 
motion is desired. 

The fact that the receiver needs to be operative only during periods be- 
tween the transmitting pulses makes single antenna operation possible if 
four conditions are satisfied. These are: (1) the receiver must not absorb 
too large a fraction of the transmitter power during the transmitting period, 
(2) the receiver must not be permanently damaged by that portion of the 
transmitter power which it does absorb, (3) the receiver must recover its 
sensitivity after any possible 6verload during the transmitting pulse in a 
time interval shorter than the interval required by the reflected pulse to 
arrive back to the receiver from the nearest target, and (4) the transmitter 
must not absorb too large a fraction of the received power. At frequencies 
of the order of 700 megacycles and at low power levels these conditions 
are not impossible of attainment without recourse to any special switching 
mechanism other than that provided automatically by the usual circuit com- 
ponents. Conditions (1) and (2) can be met by designing the receiver in 
such a way that the change in input impedance as a result of overload will 
cause most of the available input power to the receiver to be reflected. 
Condition (3) requires careful attention to the time constants of all those 
receiver circuits which are subject to overload. Condition (4) fortu- 
nately is automatically satisfied by most transmitters, again as a result of the 
large mismatch reflections which occur at the connections to the trans- 
mitter’s “tank” circuit when the transmitter is not operating. The United 
States Navy Mark 1 radar was operated on this basis. 

The speed with which the transmit-receive switch must operate rules out 
all consideration of mechanical devices, at least for all but the longest range 
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“early warning” equipment. For example, the go and return time to a 
target at 500 feet distance requires approximately one microsecond. Switch- 
ing times must, therefore, be measured in microseconds. Since these short 
time intervals would at first sight seem to be too small to permit the use of 
gaseous discharge devices, some work was done on the use of specially 
designed vacuum diodes. It is possible to employ balancing circuits (some- 
times called hybrid circuits) to achieve single antenna operation, but such 
circuits require critical balancing adjustments and they dissipate a large 
part of the available power in non-useful balancing loads. The need for a 
still different approach to the duplexing problem was clearly indicated. 

Spark discharges either in air or in enclosed gaps bridged across parallel 
wire transmission lines were used in some of the early experimental long- 
wave radar sets. Dr. Robert M. Page of the Naval Research Laboratory 
was one of the pioneers in this work. These devices were only moderately 
satisfactory because of their erratic behavior and because of electrode wear. 
However, it was observed that the recovery time of such discharges was not 
as long as might be expected on the basis of a simple ionization and deioniza- 
tion explanation of their operation. This led to the investigation of the use 
of low-pressure gas discharges. These very early gas-discharge “switches” 
were actually much more in the nature of “lightning protectors”, their 
principal function being to limit the power delivered to the receiver during 
the transmitting pulse in a gross sort of way, with considerable reliance on 
impedance changes at the receiver and on the rugged overload capabilities 
of the first tube in the receiver. 

The trend toward shorter wavelengths and the desire for better protection 
led to the development of a partially evacuated gas-discharge tube located 
in a relatively high Q resonant cavity. In England, cavity type duplex 
tubes were made by inserting gas in a then current type (Sutton Tube) 
of local oscillator tube. These devices were called TR boxes (abbreviation 
for transmit-receive) by the English, a designation which has continued. 
It is a curious coincidence that some of the earliest cavity type duplex tubes 
made in this country at the Bell Telephone Laboratories were also con- 
structed by inserting gas in an American type local oscillator tube (the 712A 
vacuum tube), This tube (later coded the 709A vacuum tube) was tested 
in an operative system which was subsequently demonstrated to the Army 
with such satisfactory results that the tube was adopted without change for 
several radar systems. The 709A vacuum tube and its associated cavity 
are shown in Fig. 1. 

A similar structure, known as the 702A and shown in Fig. 2 (together 
with the 709A tube) was used for longer wavelengths. The need for these 
tubes was so very great that no time was allowed for their improvement 
before production was undertaken by the Western Electric Company. 
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The radar on the U.S.S. Boise in the battle off Savo Island on October 11-12, 
1942 employed a 702A vacuum tube. 

Three developments soon led to the need for much improved TR boxes. 
One of these was the rapid progress which was being made in increasing the 
peak output power from the magnetron. The second was improvements 
in the silicon point contact rectifier, the so-called crystal detector, which 
increased its reliability and convenience and at the same time reduced its 
conversion loss and noise figure as compared with the vacuum tube con- 
verter. The third was the development of still higher frequency systems to 





702A 


Fig. 2—The 702A and 709A vacuum tubes 


achieve either greater antenna directivity or smaller size. Since satisfactory 
vacuum tube converters were not available for these frequencies, the silicon 
rectifier had to be used. Unfortunately the silicon rectifier, as then avail- 
able, was subject to permanent damage if subjected to but very small 
amounts of power as compared with the magnetron power levels. 

An active program of work was initiated at the Bell Telephone Labora- 
tories to obtain designs of TR boxes offering adequate protection for contact 
rectifiers at any power levels then available or contemplated. Three tubes 
were developed, the 721A, 724B and 1B23 vacuum tubes shown in Fig. 
3. These tubes are used at frequencies in the vicinity of 3000 megacycles, 
10,000 megacycles, and 1000 megacycles respectively. They are all of the 
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separate cavity type in which contact through the vacuum envelope is 
made by means of thin copper discs. More recently other designs of tubes 
have appeared in which the entire cavity is evacuated. Over 400,000 tubes 
of the three types discussed in this paper were manufactured in 1944 alone 
and substantially all of the American-made radars which saw active service 
employed one or more of these tubes. 

The TR tubes used in American radars are, of course, no more essential 
than are the magnetrons, the beating oscillators, and the many other special 
parts which go to make up the modern radar. Nevertheless it is interesting 
to note that the 721A tube was an essential part of the radar equipment 
on almost every major ship in the United States Fleet, that the 724B tube 
was an essential part of the bombing equipment on nearly every bomber 
used against Japan, including the planes which carried the atomic bombs, 
and that the capture of Okinawa, to name a single case, would have been 
much more expensive in men’s lives without equipment depending upon the 
1B23 tube. 


MeEtHOoD OF OPERATION 


The 709A tube as shown in Fig. 1 was operated in what has come to be 
known as a shunt branching circuit. Its operation can be explained in 
terms of Fig. 4. During transmission, energy flows from the transmitter 
along the coaxial line toward the antenna. Some of this energy enters the 
branch leading to the receiver where it encounters the TR box. This con- 
sists of a resonant cavity with a pair of spark gap electrodes arranged so that 
the maximum resonant voltage is built up across the gap. Since the voltage 
across the gap is then limited by the discharge voltage and the voltage ap- 
plied to the receiver is still further reduced by an equivalent step-down ratio 
of the output coupling in the resonant cavity, the receiver input power is 
held toa small value. The power dissipated in the gas discharge, and there- 
fore abstracted from the transmitted signal is kept small by the impedance 
mismatch. The discharge itself takes the form of a small pale blue glow 
between the electrodes. The effect of the discharge is to place a low im- 
pedance (predominantly resistive) across the maximum impedance point 
of the cavity. This results in the appearance of a still lower apparent 
impedance across the input to the cavity. If the length Z; is an odd num- 
ber of quarter wavelengths, the apparent impedance of the receiver branch 
at the branching point becomes very high in comparison with the impedance 
of the antenna and is therefore unable to abstract much power from the line. 

At the end of the transmitting period, the conductance of the gas discharge 
falls rapidly to a very low value since the small received voltages will be 
insufficient to maintain the discharge. Signals arriving at the antenna 
can then be transmitted through the TR box to the receiver. However, 
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in the circuit shown in Fig. 4, the receiver is still bridged by the transmitter. 
It is a fortunate fact that the internal impedance of many magnetrons 
(the most common type of transmitting tube) becomes very low when they 
are in the inoperative condition so that the tube is nearly the equivalent 
of a short circuit. By adjusting the length Zs, until this equivalent short 
circuit position is an odd number of quarter wavelengths from the junction 
point “B’”, the shunting impedance at “B” can be made very high so that 
only a small part of the received energy is lost. In the event that this change 
of impedance of the transmitter is not sufficient, a second TR switch com- 
monly known as an ATR, may be introduced to perform this function as 
will be described later. During the receiving period, some loss will occur 
in the TR box resonant cavity as a result of the inherent resistive and 
dielectric losses. An additional loss will occur immediately after the 
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Fig. 4—The elements cf a shunt branching circuit 


transmitting period because of the loss producing particles (free electrons) 
which remain for a time in the discharge gap. The combined losses must be 
kept small so as not to impair the performance of the system. 

Most modern radars employ series branching circuits instead of the 
shunt branching circuit just described. A coaxial line example of such a 
system (from the SCR-545) employing the 721A tube is shown in Fig. 5. 
As shown in Fig. 6 the cavity is coupled to the coaxial line by means of a 
window which can be slid along on a slot in the outer conductor of the coaxial 
line leading from the transmitter to the antenna. Fig. 7 is an exploded view 
of the cavity. Such a cavity is in effect in series with the line as the currents 
existing in the outer conductor of the coaxial line are interrupted by the 
window. During the transmitting period the low impedance at this window 
limits the voltage across it to a small value and prevents serious loss of 
transmitter power. 

Reception in the series branching circuit of Fig. 5 is achieved by adjusting 
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Fig. 5—The series branching circuit employing the 721A tube used in the SCR545 





Tig. 6—Closeup view of the cavity shown in Fig. 5, partly disassembled 
to show coupling window 
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the position of the TR cavity along the slotted section of the line until the 
window is located the correct distance from the transmitting tube. This 
now corresponds to an even number of quarter wavelengths between the 
equivalent short-circuit plane and the junction, so that the maximum current 
is caused to enter the cavity. The output to the receiver is obtained from a 
small coupling loop in the TR cavity. 





Fig. 7—Exploded view of the cavity of Fig. 6 


A similar coaxial line series branching circuit using the 1B23 is shown in 
Fig. 8. The method of inserting the tube in the cavity is shown in Fig. 
9 while Fig. 10 is an exploded view showing the details. 

This method of coupling a resonant cavity to a transmission line by a 
window is not limited to the coaxial line case. A wave guide system is shown 
in Fig. 11. The distance between the TR cavity and the transmitting tube 
is again adjusted by sliding the cavity and its window along over a section 
of the rectangular wave guide containing a slot. 

The ATR. In all of the systems so far described use is made of the 
impedance mismatch conditions at the magnetron or other transmitting 
tube terminals to prevent serious loss during the receiving period. If the 
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magnetron “cold” impedance does not differ greatly from the surge imped- 
ance of the transmission line used, it may not be possible to avoid loss of 
reflected signal into the transmitter line. Also in some cases, an unreason- 
able amount of adjustment must be provided in the position of the TR 
cavity with respect to the transmitter to make up for large variations which 
may be encountered in transmitter “cold” impedance. Both difficulties 
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Fig. 8—Series branching circuit using the 1B23 vacuum tube 


may be avoided by the use of a second gas discharge tube located between 
the transmitter and the TR and at an odd number of quarter wavelengths 
from the TR junction. This second tube is referred to as the anti-T-R tube 
(usually abbreviated to ATR), or sometimes as the RT tube. The use of 
an ATR tube was not found to be necessary in most of the systems which 
employed the 721A tube. 

With the advent of still higher frequency systems, for which the 724B 
tube was designed, the “cold” impedance difficulties just mentioned made 
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Fig. 10—Exploded view of the 1B23 cavity 
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it seem advisable to employ an ATR tube. The general arrangements of 
the circuit elements in one of these systems is shown in Fig. 12. The 
main wave guide section is shown removed from the rest of the equipment 
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Fig. 11—The wave guide system of the SL radar employing the 721A tube 


in Fig. 13 while Fig. 14 is an exploded view revealing the details of the cavity 
construction. The two cavities are, of course, coupled to the wave guide 
by means of windows. The wave guide branch leading to the receiver is in 
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Fig. 12—A general view of a wave guide system employing a 724B tube in the 
TR box and a second 724B tube in the ATR 
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Fig. 13—The main wave guide of Fig. 12 removed from the rest of the equipment 
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turn coupled to the TR cavity by another window. The input and output 
windows of the TR cavity are adjusted in size to provide an impedance 
match to the line during the receiving period. The window to the ATR 
is, however, adjusted so that it presents a high impedance, that is much 
greater than the surge impedance, during the receiving period. This high 
impedance is effectively in series with the magnetron impedance. The 
resulting high impedance is located at an odd number of quarter wavelengths 
from the TR and so presents a very low impedance in series with the receiving 
branch. 
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Fig. 14—An exploded view of Fig. 13 


Both the TR box and the ATR box must be tuned to resonance at the 
magnetron frequency. Broad-band ATR boxes using very low Q circuits 
have been designed which require no adjustment over a 5% band. Such 
boxes, which obviously are very advantageous in tunable systems, do not 
use the copper-disc-seal tubes which form the principal subject matter of the 
present paper, and will not be discussed further. 


TR Box PERFORMANCE 


The performance of a TR box can be described in terms of four parameters 
which are related to the four duplexing requirements mentioned earlier. 
These parameters are respectively: (1) the high level loss, which is the trans- 
mitting power loss in the TR tube; (2) the leakage power, which is the 
amount of transmitter power which reaches the receiver; (3) the recovery 
time, which measures the rate at which the TR box recovers its low level 
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behavior after the termination of the transmitting period; and (4) the low- 
level loss, which describes the loss of the received signal including (a) the 
loss in the TR box itself and (b) the loss in the transmitting branch. These 
parameters are interrelated and conflicting. For example, the interde- 
pendence of the leakage power and the low-level loss may be computed on 
the basis of a somewhat idealized TR box as is done in Appendix A and the 
results presented in the form of the curves of Fig. 15. It is customary to 
design the cavities for matched input conditions (« = 1), for obvious reasons, 
and for a low-level loss of one to two db. The relationship between the 
transmitting power dissipated in the TR tube and the low-level loss is shown 
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Fig. 15—The variation in leakage power with the low level loss adjustment 


in Fig. 16. This curve may also be used to determine the effect of the low- 
level loss adjustment of a TR cavity on the recovery time characteristic 
since recovery time depends upon the gas discharge power rather than upon 
the transmitter power per se. In spite of this interdependence, it will be 
convenient to consider the different operating parameters separately in the 
sections to follow. The receiver protection aspect will be considered first. 

Receiver Protection. The receiver protection problem is complicated by 
the fact that power reaches the receiver through the TR box by three differ- 
ent mechanisms. As shown in Fig. 17, the observed leakage power pattern is 
composed of three parts known respectively as the spike, the normal flat 
leakage and the direct coupling. The spike is the result of the transient 
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condition existing at the beginning of each pulse. Normal leakage power 
can be thought of as due to the finite voltage drop across the gas discharge 
while the direct coupling is that component of the leakage power which 
would be present if the voltage drop across the discharge were zero. 
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Fig. 16—The variation in gas discharge power with the low level loss adjustment 
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Fig. 17—The shape of the leakage power pulse 


The Spike. Because of the rapid rate of rise and fall of the spike, the 
observable deflection on an oscilloscope is dependent upon the bandwidth 
of the video amplifier and upon the energy in the spike. Although an 
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observation of the true shape of the spike has not yet been made, the dura- 
tion is estimated to be of the order of 10-® seconds, a time interval that is 
probably short compared with the thermal time constant of the contact on a 
converter crystal. However, it is possible to measure the energy content of 
the spike, and such measurements indicate that this energy is fairly inde- 
pendent of the length of the pulse and of the transmitted power level, 
although it is definitely dependent upon the steepness of the wave front of 
the transmitted pulse. The spike clearly represents energy transfer through 
the TR box during the period required to establish the discharge conditions 
which exist during the flat. The energy contained in the spike varies be- 
tween a few hundredths of an erg to perhaps one erg per pulse, depending 
upon a variety of factors. By way of comparison, the conventional crystal 
rectifiers are proof tested in manufacture with a single spike of 0.3 erg to 
5.0 ergs, depending upon the crystal type. It is generally believed that the 
spike is more damaging than the flat in most radar systems. 

The energy in the spike is found to depend upon the repetition rate of the 
transmitting pulses, presumably because of residual ionization in the gas 
discharge gap. At low repetition rates (that is less than roughly 1,000 
pulses per second), the spike energy may be materially decreased by a d-c 
glow discharge near the radio frequency gap. This discharge provides a 
continuous supply of ions and free electrons and so aids in establishing the 
desired condition in the r-f discharge path. A discharge is supplied in all 
the standard TR tubes. An auxiliary electrode called the “igniter” or 
“keep-alive” is used as the cathode, with the back or inside portion of one 
of the high frequency electrodes acting as the anode. A small amount of 
radioactive material is placed in the tube to insure that the igniter discharge 
starts on the application of the igniter voltage. Fig. 18 is a plot of the way 
in which the spike energy varies with the repetition rate both with and with- 
out an igniter discharge. Igniter oscillations sometimes occur as a result of 
the negative resistance characteristics of the igniter discharge. This causes 
a cyclic variation in the number of free electrons and ions with a resulting 
fluctuation in the spike energy. Inadequate protection may result from 
such oscillations. It is customary to mount a current limiting resistance 
very close to the igniter cap to minimize the effects of these undesirable 
oscillations. When such oscillations still occur they are usually evidence 
of an insufficiently high igniter voltage or of tube failure. The margin of 
safety in the igniter operation may be increased by increasing the discharge 
current but at the expense of greatly reduced tube life. 

When a radar system is first turned on, the first pulse occurs without the 
benefit of residual ions in the discharge, and for the first few pulses the spike 
energy may easily reach dangerously high values. While the magnitude 
of this “turn on” effect is greatly reduced by the presence of the igniter 
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discharge, it is customary to provide a “crystal gate” in the form of a 
shutter which isolates the crystal from the TR box until after stable trans- 
mitting conditions have been reached and until the TR tube discharge has 
been established. The need for this additional turn-on protection is some- 
what greater with the 724B than it is with the 721A tube. Another im- 
portant function of the “crystal gate” is to prevent the crystal in an idle 
radar from being damaged by energy from other radars operating nearby. 
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Fig. 18—The dependence of spike on the repetition rate for the 724B tube in a cavity 
adjusted for a 1.5 db low level loss and for a transmitter power level of 8 kw peak 


The energy in the spike is a function of the effective size of the input and 
output coupling windows of the TR box. A convenient method of present- 
ing this effect is to plot the spike energy as a function of the low-level trans- 
mission loss of the cavity which also depends upon the window sizes. Fig. 
19 is such a plot for the 724B tube*. Comparing these experimental data 
with the computed flat power curve of Fig. 15, one notes that the spike 
energy varies at a more rapid rate than does the flat power. In both cases, 
the leakage decreases as the low-level loss increases and crystal protection 
can be purchased at the expense of receiver sensitivity. 


* Based on data taken at the M.I.T. Radiation Laboratories by F. L. McMillan. Jr. 
and J. B. Wiesner. 
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Fig. 19—The variation in spike energy with the low level loss adjustment (¢ = 1) for the 
724B, This experimental curve for the spike energy should be compared with the 
idealized flat power curves of Fig. 15 
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Fig. 20—The effect of gas pressure on the spike energy for the 724B 
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The way in which the spike energy varies with pressure of the gas in the 
TR tube is illustrated in Fig. 20. These data were obtained on the 724B 
tube structure. Other factors, yet to be discussed, prevent the use of the 
exact optimum pressure as determined on the basis of the spike energy 
only. 

The Flat. The more or less flat portion of the leakage power is in reality 
the result of two different mechanisms of energy transfer, one of which is 
reasonably independent of the transmitter power level. It is this portion 
only with which we will now be concerned. This flat power is critically 
dependent on the chemical constitution and pressure of the gas within the 
TR tube. It can be thought of as being the power transmitted by the TR 


“b 


O-1823 AT 938MC. 
0-721A AT 3420MC. 
@-724A AT 9350 MC, 











LEAKAGE POWER IN ARBITRARY UNITS 
ny 











05 1 2 5 10 20 50 100 
HYDROGEN PRESSURE IN MM. OF MERCURY 


Fig. 21—Experimental curves showing the relationship between flat leakage power and gas 
pressure, taken with a c-w oscillator 


box by virtue of the fact that the voltage drop across the gas discharge is not 
zero. The constancy of the flat power in spite of variations in the trans- 
mitter power level is presumably related to the similar phenomenon of a 
nearly constant voltage drop across a d-c gas discharge independent of the 
discharge current. Because of this constancy, the gas discharge parameter 
Po, shown in Fig. 15, can be assumed to be a constant more-or-less inde- 
pendent of the transmitter power level. Reasonable values of Po for cavity 
design purposes are 20 volt-amperes for the 721A tube and 10 volt-amperes 
for the 724B tube. Corresponding values of the Qo parameters needed in 
interpreting Fig. 15 are 2500 for the 721A tube and 1500 for the 724B tube. 
Using these values the flat leakage power for a TR box using a 721A tube 
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and having a low-level loss of 1 db would be 30 milliwatts. The corre- 
sponding flat leakage power for the 724B tube ina 1.5 db box would be 16 
milliwatts. Actual measured values are usually somewhat less than these 
figures. As most crystals will withstand flat powers very much greater than 
this amount, the flat power is normally of much less importance than the 
spike in contributing to converter crystal failure. 

Since the flat portion of the leakage power represents quasi-steady-state 
conditions, it is possible to simulate it for purposes of study by the use 
of a C.W. oscillator. Fig. 21 contains three experimental curves taken at 
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Fig. 22—The pressure for minimum leakage power as a function of frequency 


three different frequencies showing the relationship between the flat leakage 
power and gas pressure. These curves were all taken with tubes filled 
with hydrogen only. Fig. 22 shows that the pressure for minimum flat 
leakage is proportional to the frequency. This simple law probably does 
not apply at frequencies much less than 1000 mc. 

Water vapor is used in commercial TR tubes to improve the recovery time, 
as will be discussed later. The variation in flat leakage power with partial 
water vapor pressure as measured on a 721A type of tube containing both 
hydrogen and water is shown in Fig. 23. These data were taken in a 
radar system. 

In this connection, it is of interest to note that the characteristics of the 
gas discharge in the TR box must of necessity be quite different from those 
that obtain at lower frequencies. Simple calculations indicate that the 
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mean free path of an electron is in general of the same order as the distance 
between the electrodes but that very few electrons are able to reach the 
electrodes because of the very rapid reversals in the r-f field. Electrons 
therefore oscillate rapidly to and fro, losing energy to the neutral gas mole- 
cules and to positive ions through occasional collisions The positive ions 
do not contribute in any substantial way to the discharge current because 
of their large mass and correspondingly low velocity. The r-f voltage drop 
across the discharge is maintained at a relatively low value by the formation 
of more ions and free electrons by collisions between electrons and neutral 
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lig. 23—The effect on leakage power of the addition of water vapor to 20 mm of hydrogen 
in the 721A type tube 


molecules as soon as this voltage rises above some critical value. Measure- 
ments indicate that the voltage drop across the r-f gap is of the order of 80 
to 100 volts for a typical TR tube. The variation in voltage drop with gap 
length may be inferred from the flat power measurements recorded in Fig. 
24. 

Direct Coupling. At very high transmitter power levels a third component 
of leakage power is observed which is directly proportional to the trans- 
mitter power. This component is usually called “direct coupling”. It is 
due to the transmission of power through the cavity in modes which do not 
have voltage maxima at the gas discharge gap. It can therefore be ob- 
served even when the gap in the tube is short circuited. In fact measure- 
ments made under such short-circuited gap conditions yield results com- 
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parable to the values observed for actual tubes. The direct coupling com- 
ponent of the total flat power and the gas discharge limited component are 
found to be additive. Direct coupling power is logically measured in terms 
of db below the transmitter power level and for the usual TR box is of the 
order of 60 to 70 db. An abnormal form of direct coupling which may 
reach dangerous values can occur under certain improper operating condi- 
tions when the magnetron produces an appreciable amount of power at other 
than the normal operating frequency. Some of these spurious frequencies 
may be in the vicinity of the resonant frequencies for these ‘direct coupling” 
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Fig. 24—The variation in flat leakage power with gap length, measured at 3000 megacycles 


modes in the TR box and so be transmitted without much attenuation. 
Normally, direct coupling is of interest only in very high power systems. 

Receiver Sclf-Proteclion. The fact was mentioned earlier that a receiver 
can provide itself with a certain amount of self-protection as a result of its 
change of impedance with level. This effect is still of use even in systems 
employing TR boxes. Unfortunately the apparent source impedance at 
the TR box output terminals is different for the different components of the 
leakage power so that the self-protection feature cannot be utilized for all 
components simultaneously. The matter is further complicated by the 
fact that the converter crystals themselves vary greatly in their impedance 
and in their variation of impedance with power level. The best designed 
converters as far as crystal protection is concerned are usually those which 
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provide a certain amount of self-protection against the spike. It has been 
estimated that this self-protection seldom exceeds 2 db in practice. 

Leakage Power Measurement. The c-w method of measuring the flat 
power has already been mentioned. Spike energy and direct coupling 
must, of course, be measured under normal high level operating conditions. 
Relative measurements of the spike can be made with an oscilloscope, acting 
ballistically, and the factors which affect the spikes can be studied in this 
manner. A correlation between the relative spike energies and the degree of 
crystal protection can be obtained by trial and from this correlation the 
operating conditions for adequate protection can be determined. Most of 
the early studies were made in this way. It is possible to deduce absolute 
values for spike energy, flat power, and direct coupling from measurements 
made when all three are present because of the different ways in which these 
parameters vary with the recurrence rate, pulse length and transmitter 
power. The method of doing this is outlined in appendix D. 

A more precise method of measuring the spike energy involves thecan- 
cellation of the flat power by a signal of adjustable phase and amplitude 
obtained from the high-level transmission line. The average spike power 
is then measured directly and energy per spike computed. Most of the 
spike data quoted earlier were obtained in this fashion. 

High-Level Loss. The power dissipated in the TR box as a result of the 
gas discharge is not ordinarily a large enough fraction of the total transmitter 
power to be of any concern. Using the Po values previously quoted, it is , 
possible to compute the gas discharge power by the use of Fig. 16. Ata 
line power of 100 kw and a low-level loss of 1 db the gas power in the 721A 
tube is 63 watts. The corresponding figure for a 1.5 db box using the 724B 
tube is 47 watts. For these cases the high-level loss is therefore less than 
0.005 db. Low as this fraction is in db it still may be high enough to affect 
the life of the TR tube, as discussed in a later section. No trouble of this 
sort is ordinarily encountered with the 724B or 721A tubes. The chief 
cause of failure of the 1B23 is from loss of Q and this in turn is caused by the 
sputtering action of the high-frequency discharge. 

Recovery Time. As mentioned earlier a TR box must recover its low- 
level properties at the end of the transmitting pulse in a very short period of 
time. The actual “recovery time” is in fact several orders of magnitude 
smaller than the deionization times of the usual gas discharge so that a 
quite different mechanism must be involved. While an exact theory of the 
recovery is beyond the scope of the present paper, a qualitative picture of 
the recovery process may be of interest. 

During the transmitting period the free electrons provide almost all of the 
discharge current, and are replenished by electron-molecule collisions. At 
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the end of the transmitting period these electrons may migrate from the 
discharge region, they may recombine with the positive ions, or they may be 
captured by molecules to form negative ions. Negative ion formation by 
attachment effectively removes an electron from the discharge because of 
the great increase in mass. It is an experimental fact that those gases 
which readily form such ions (of which water vapor is the most common) 
are the gases which exhibit good recovery in a TR box. This process is 
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Fig. 25—A typical recovery time characteristic for the 721A tube in a TR cavity adjusted 
to 1.5 db low level loss with a transmitter power level of 100 kw peak 


not deionization in the ordinary sense and it can take place at a surprisingly 
rapid rate. 

Of course, immediately upon the termination of the transmitting pulse, 
the cloud of free electrons will cause an extremely high loss to any reflected 
signal but the loss will rapidly decrease to some limiting value set by the 
fixed losses in the TR cavity itself. 

A typical recovery curve for the 721A tube is shown in Fig. 25. This 
curve has a particularly fortunate shape in that the variation in loss with 
distance, or more correctly with time, is at approximately the same rate as 
the variation in the reflected signal level with distance for a target of fixed 
size. The importance of this can be understood by considering the way in 
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which the reflected signal intensity varies as an object of fixed size approaches 
a radar set from a great distance. Such an object as seen by a given radar 
set may be represented on Fig. 25 by a straight line having a slope of 12 db 
per factor of two in distance. Several such lines are shown. Considering 
line A it will be observed that this target can first be seen at adistance 
corresponding to 12 microseconds. Since this target line always remains 
below the TR recovery line for times shorter than that at the intersection 
point, an object once seen will remain in view continuously as it approaches 
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Fig. 26—The recovery time characteristic at two different transmitter power levels for the 
724B tube in a 1.5 db TR box 





the transmitter even in spite of the poor recovery characteristics of the TR 
box. A certain amount of sensitivity-time-control action is actually pro- 
vided. The recovery time characteristic frequently does not necessarily 
set a lower limit on the effective range of a radar system although it always 
sets a limit on the smallest effective target size which can be observed. 
The recovery time characteristic is critically related to the transmitter 
output power level as shown by the data for a 724B tube shown in Fig. 26. 
When the recovery time curves for two different power levels are compared, 
the target line which is just detectable at a power level of 11.4 kw is shown 
as the line marked A Contrasting with the 721A behavior this target would 
be visible only at one point and would then be lost from sight as it approached 
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the transmitter. This same target is represented on the plot as line A’ 
for a transmitter output power of 155 kw, that is being displaced vertically 
by approximately 12 db to take account of the difference in transmitter 
power. At this higher power level the target would be visible at a much 
greater distance (corresponding to 7 microseconds elapsed time) and would 
remain in view until the target distance corresponded to 2.1 microseconds 
time. In this case an increase in power by 12 db resulted in an increase 
in range by a factor of 2.8. While this would indicate that an increase in 
range can be obtained by increasing the transmitter power, it should not be 
inferred that an increase in the near-range sensitivity will always result from 
an increase in power. At any specified range there appears to be a unique 
value of transmitter power output beyond which the loss in TR box recovery 
more than offsets any increase in range due to higher output powers. While 
accurate figures are not available for the 721A tube, there is some evidence 
that an output power of 100 kw is already too large for ranges corresponding 
to elapsed times of 10 microseconds or less. Under these conditions im- 
proved operation results from a decrease in the transmitter power level. 
Such an effect has never been observed by the writers with the 724B tube, 
probably because the transmitter powers available in its operating fre- 
quency range have usually been somewhat less than that available with the 
721A tube. 

It should be noted, at this point, that the recovery time does not depend 
upon the transmitter power only, but rather upon the gas discharge power 
which is a function of both the transmitter power and the low-level loss 
adjustment of the TR box as shown by Fig. 16. A very great improvement 
in near range sensitivity can usually be obtained by increasing the trans- 
mitter power level and at the same time increasing the low-level loss adjust- 
ment of the cavity to limit the gas power to a value for which the recovery 
time is satisfactory. This of course increases the ultimate low-level loss and 
so adversely affects the long-range sensitivity. 

The dependence of the recovery time on the ambient temperature for the 
721A tube is shown in Fig. 27. The 724B tube is much less temperature 
dependent. This variation in recovery time with temperature is caused 
by the reduction in water vapor pressure through condensation, as shown 
by the identity of the recovery curve for a standard 721A tube at —186° C. 
with a special tube filled with hydrogen only. 

With continued life the water vapor content of the tube decreases with 
the corresponding change in the recovery time characteristic. Fig. 28 
shows the effect with the 721A tube. The dependence of the recovery time 
on the water vapor content in the 724B tube is shown in Fig. 29. Comparing 
this curve with Fig. 27, it will be observed that the loss of water vapor has 
much less effect on the recovery characteristics of the 724B tube than on the 
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721A tube. It should be noted, however, that the 724B tube frequently 
reaches the end of its useful life as a result of its failure to provide adequate 
receiver protection before serious loss of recovery occurs. 

The ATR, if one is used, can also contribute to poor recovery as may be 
seen by referring to Fig. 30. These data are not necessarily representative 
since it is possible to adjust the length of line between the magnetron 
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Fig. 27—The dependence of the recovery time on the ambient temperature for the 721A 
tube 


and the ATR junction so as to minimize the effect. Nevertheless the effect 
is important and should not be overlooked. 

Low-Level Loss. An analysis of the low-level loss must take into account 
two components of loss, the first resulting from power loss in the TR cavity 
itself and the second resulting from the fact that some power will always 
be absorbed by the transmitting branch of the system. 

The relationships existing between the low-level loss adjustment of a TR 
box and its other performance characteristics have already been discussed. 
One aspect of the problem, not previously considered, has to do with the 
dependence of the performance on the Q of the cavity. This is clearly shown 
in Fig. 15 which has already been referred to in a different connection. From 
this aspect, at least, the higher the Q of the tube and its associated cavity the 
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Fig. 29—The variation in recovery time with gas content for the 724B tube 
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better the over-all performance of the system.* Any basic improvement in 
Q can be reflected either in a lowering of the leakage power or in a reduction 
of the low-level loss, as may be desired. 

Variations in the Q between tubes used in a given cavity of fixed design, 
are, however, seen as variations in the low-level loss only and have no 
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Fig. 30—The ATR recovery effect 


noticeable effect on the leakage power. This may be understood by refer- 
ence to the equations derived in appendix A. The performance of a some- 
what idealized TR box may be expressed in terms of three design parameters 
60, 6, and 6, which relate respectively to the properties of the cavity, its 
input coupling, and its output coupling; and in terms of a gas discharge 
parameter Po. In terms of these new parameters the in-tune low-level 
tansmission of a TR box is given as a power ratio by 


= 45165 
[60 + 6: + 62)?" 
* As explained later in this section, band width limitations set an upper limit to the 


permissible Q. 
t Numbered equations in the text correspond with the numbers used in the appendices. 


7 (12)t 
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The input standing wave ratio on the input line is given by 





bi 
= $ 13 
bo + o2 Me) 
The leakage power is similarly given by 
P, = Pobr (14) 


while the gas-discharge power in terms of these parameters and the power 
in the transmitting line (P) is given by 


P, = (P Pods)” (19) 


The parameters 6, and 6; are properties of the input and output coupling 
as they are geometrically related to the cavity and are substantially in- 
dependent of the Q of the cavity. The parameter 6) is, however, the recipro- 
cal of the intrinsic or unloaded cavity Q. Equation 12 is seen to depend 
upon 69 but equations (14) and (19) do not. The effect of variations in 
Q is thus demonstrated. 

The over-all performance is also affected by the relative values of 6 
and 6). In view of the dependence of P, on 6 directly and on 6, indirectly 
through the fact that Po is not entirely independent of P,, it is advantageous 
to adjust the values of 6, and é so that the input standing wave ratio (¢ of 
equation 13) is unity. Such a condition is also very desirable for system 
reasons as well. When this condition is met, equation (12) reduces to 
52 
T= i: 
The curve marked ¢ = 1 of Fig. 15 and the curve of Fig. 16 were plotted on 
this basis. It should be noted that matched input requires that the input 
window be larger than the output window. 

TR boxes are unfortunately not always operated in the in-tune condition, 
and they must also pass a band of frequencies as fixed by the narrowness of 
the transmitter pulse. For these reasons the Q must not be set at too high 
avalue. The additional low-level loss which results from off-tune operation 
may be computed from equation 28 of appendix A. 

Incidentally, it is an experimental fact that the leakage power and the 
gas-discharge power are not materially altered by small departures from the 
in-tune adjustment, presumably because of the very low effective Q of the 
gas discharge. 

The ATR Low-Level Loss Component. The component of low-level loss 
which results from losses of power to the transmitting branch depends very 
greatly upon the “cold impedance” of the magnetron or other transmitting 
tube and upon the properties of an ATR box if one is used. As shown in 
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appendix C the loss chargeable to the ATR and the associated transmitting 
arm can be expressed as a factor F given by 


4 
Pies a oe ee 
Oport B (33) 
where G and B are respectively the conductance and susceptance of this 
branch in units of the surge admittance of the transmission line. Since 





Fig. 31—Curves for constant ATR loss in db as a function of the impedance of the trans- 
mitting branch 


curves for constant values of F appear on the reflection coefficient plane 
(Smith transmission line chart) as circles this presentation is very con- 
venient. Fig. 31 is such a plot (impedance circles rather than admittance 
circles are shown). 

Tf now an ATR is introduced having a resistive component of impedance 
the range of values of G and B is restricted so that a minimum value of F 
exists for any random value of the magnetron impedance. With variations 
in the magnetron cold impedance or in the effective length of line between 
the magnetron and the ATR junction the value of F will vary between this 
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minimum value and some maximum value which may approach unity. 
For example if the ATR is adjusted to have the same gas-discharge power 
as that in a TR adjusted for a transmission of T, its low-level in-tune input 
impedance will be 


FF aoe ae (38) 


MAGNETRON 
CIRCLE 





Fig. 32—The ATR low level loss as a function of the magnetron impedance with an ATR 
adjusted to an impedance of 8 + j0 


Actually since the gas-discharge power is usually not the limiting factor in 
the design it is possible to adjust the ATR to have an input impedance of 
8 or 9 (in terms of the line characteristic impedance), corresponding to a 
TR low-level transmission of the order of 1/2 db (T = 0.89) and yielding 
an ATR loss of approximately 1/2 db. 

Since the exact value of the impedance of the magnetron branch is not 
necessarily known it is convenient to show the dependence of the loss factor 
F for any given ATR on the magnetron impedance by a plot somewhat 
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similar to Fig. 31 but transformed to the magnetron side of the ATR junc- 
tion. This may be done by subtracting the ATR impedance from the values 
read off of Fig. 31 corresponding to desired values of F and replotting these 
on the reflection coefficient plane. As an example, the in-tune value of Z 
for one typical 724B ATR cavity is 8+ j0. Points lying on the R= 8 
circle on Fig. 31 will then lie on the magnetron R = 0 circle, the region 
inside being distorted and expanded to fill the entire positive R region on 
the reflection plane. The results are shown in Fig. 32. From this plot it 
is evident that the maximum possible low-level loss chargeable to the trans- 
mitting branch would be slightly more than 0.52 db and that this would 
occur only for a restricted range in the value of magnetron impedance. Asa 
matter of practical interest the “cold impedance” of the usual magnetron 
is such as to give at most a 20-db standing wave. This restricts the possible 
range in impedance values to the area on Fig. 32 within the dotted circle, 
thus limiting the maximum loss to slightly less than 0.52 db, and imposing 
a minimum loss limit of 0.22 db. 

This type of analysis may be extended to consider the ATR loss during 
the recovery period if desired although the problem becomes rather com- 
plicated as a result of the simultaneous variation in input impedance of both 
the TR and the ATR. 


TR Box DEsIGN CONSIDERATIONS 


The desired electrical properties for a TR box can of course be achieved in 
a variety of different physical structures. A construction technique which 
separates the gas-discharge tube from the rest of the TR box cavity offers 
many advantages. In the first place the cost of the entire device is kept low 
by reason of the fact that it is not necessary to transmit the tuning motion 
through the vacuum-tight tube enclosure. The replacement cost is also 
greatly reduced since the more complicated part of the TR box is a perma- 
nent part of the equipment. Then, the same tube structure can be used 
for a variety of different types of equipment operating in different wave- 
length bands and requiring different amounts of receiver protection by the 
use of different size cavities and different size coupling windows. This 
greatly simplifies the problem of maintaining replacement stocks. An addi- 
tional factor, which was of importance during the early days of the war, 
is that the design of such a tube can be frozen at an early stage, before all 
the possible circuit aspects of the TR problem have been solved since changes 
in the external parts of the TR box can be made independent of the design 
of the replaceable tube element. The widespread use of the 721A and 724B 
vacuum tube is, in a sense, proof of the essential soundness of the arguments 
for the external cavity type of construction. 
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The chief difficulty to be overcome in the design of a separate cavity type 
of TR box has to do with the need for a low-loss contact between the internal 
portions of the tube and the external cavity. A copper-disc sealing tech- 
nique, developed at the Bell Laboratories in connection with the construc- 
tion of water cooled tubes* and later superseded by the now conventional 
Housekeeper seal, had previously been applied at ultra-high frequencies 
in the design of oscillators and amplifiers. This technique makes possible 
very satisfactory high-frequency connections by simply clamping the ex- 
ternal portion of the disc between machined surfaces. The flexibility of 
the copper diszs is sufficient to compensate for minor machining errors and 
for differential thermal expansions while the relative softness of the copper 
insures a continuous contact around the entire periphery. The goodness 
of contact provided by these contacts is evidence! by the fact that Q’s 
of 4000 and greater are obtained at 3000 megacycles with discs of the 721A 
type. This technique was therefore adopted for the 721A tube and the 
724B tube and for one electrode of the 1B23 tube. The second high-fre- 
quency electrode of the 1B23 was made in the form of a rod terminating 
in a ball for convenience in replacing tubes since the accompanying loss of 
Q can be tolerated in the frequency range where this tube is used. 

In an external cavity type of TR box the over-all goodness of the design 
is largely determined by the design of the gas-discharge tube. It is the 
tube designer’s responsibility to determine the optimum shape and size for 
the copper discs and for the glass tube envelope and to determine the opti- 
mum gas composition and pressure, with due consideration being given 
to such matters as mechanical ruggedness, manufactureability and freedom 
from undesirable ambient temperature, pressure and humidity effects. 

With the copper-disc type of tube the system designer has at his disposal 
the ability to vary the design of the external cavity, and to arrive at any 
specific compromise between the various conflicting performance criteria 
which he feels to be the best for his particular application. For example, 
in systems employing vacuum tube converters it is customary to adjust the 
TR box for a low-level loss of 1 db or somewhat less since receiver protection 
is of minor interest while in systems employing crystal converters it is cus- 
tomary to fix the low-level loss at 1.5 db or sometimes as high as 2.0 db. 
Certain cavities, notably the one shown in Fig. 5, have to be designed to 
have an extended tuning range, in this case achieved by a piston tuner with, 
however, some loss in Q, while other cavities, the one shown in Fig. 11 being 
typical, do not require this same tuning range and a different tuning mecha- 
nism (in this case, tuning plugs) can be employed. 

An extreme example, illustrating the advantages to the system designer 


* W. Wilson, “A New Type of High-Power Tube,” B. S. T. J., vol. 1, p. 4, July 1922. 
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of the external cavity type of tube, is that of certain radar systems which 
were required to be capable of receiving signals on occasion at a frequency 
differing from their normal tuning. This was done by a solenoid-operated 
plunger which could be preset to alter the tuning of the cavity by the de- 
sired amount whenever the solenoid was energized. 


Ture Tuse DESIGN 


The 702A and 709A vacuum tubes, as previously mentioned, were put 
into service with little or no consideration of their real suitability. With 
these stop-gap designs in production the basic design problem was given 
serious consideration, with separate studies being made of the mechanical 
design considerations as they relate to the size and shape of the discs and 
glass of the tube, and of the gas filling. 

The exact shape of the disc is determined first by the total tuning range 
which is to be required of the tube, and second by the necessity for main- 
taining the Q of the structure as high as possible. It has been shown that 
in a spherical resonator with coaxial cones the maximum Q occurs when 
the cone half-angle is nine degrees. The copper-disc tube can only roughly 
approximate the ideal spherical resonator; nevertheless it appears desirable 
to use cones of this angle. The disc spacings and diameters are so chosen 
that the tube resonates at the shortest wavelength at which it is to be used 
in a “square” cavity; i.e., one in which the inside diameter approximately 
equals the height. Such a cavity is about the closest practical approach to 
asphere. The glass diameter is made as large as mechanical considerations 
permit so it is as far as possible removed from the region of high electric 
field intensity. 

The experimental results of Fig. 24, previously noted, indicate that the 
leakage power of a TR box decreases as the gap spacing decreases; thus one 
is tempted to make the gap extremely small. Too small a gap is very 
troublesome, however, since such a gap has an unreasonably rapid variation 
of resonant frequency with gap separation, making the tuning extremely 
subject to change as a result of dimensional variations due to processing or 
to temperature changes. Accordingly one chooses a compromise gap separa- 
tion. The electrode radius at the gap must be large enough to permit the 
radio frequency glow discharge to dissipate the required power without ex- 
cessive spreading, and must be determined by experiment. 

Rather than attempting to hold all of the mechanical variations in the tube 
(including glass thickness) to the necessary tolerances to insure the desired 
uniformity in tuning, the tubes are pretuned before exhaust by deforming 
the copper discs. The tubes are placed in a special cavity and the disc 
inside the envelope distorted by a tool until resonance is obtained at a speci- 
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fied frequency. It is quite easy to tune tubes in this way so that they are 
uniform to within + 0.25%. 

Unless the tube is properly designed, changes in ambient temperature may 
seriously affect its resonant frequency. The part of the disc which is inside 
the glass envelope may be considered as a diaphragm supported around its 
periphery by the glass which has a temperature coefficient of expansion 
negligibly small compared to that of the copper. An increase in tempera- 
ture, which causes the copper to expand, will force the cone tip to move 
toward or away from the gap, depending on the initial slope of the nearly 
flat portion of the disc. The temperature coefficient of frequency may be 
either positive or negative, and will have extreme variations in magnitude 
from tube to tube if consideration is not given in disc design to avoid 
such difficulties. 

A cavity made wholly of copper will have a fractional change in wave- 
length with temperature the same as the fractional change in length of 
copper (approximately fourteen parts in a million per degree centigrade). 
As the temperature increases, the frequency decreases. At a frequency of 
1000 mc, the approximate temperature coefficient of frequency is —.014 
megacycles per degree centigrade; at 3000 mc it is —.042 mc/°C; and at 
10,000 mc it is —.14 mc/°C. Magnetrons normally have temperature 
coefficients of about these magnitudes. The ideal TR tube would have the 
same coefficient as the magnetron; practically speaking, any coefficient be- 
tween zero and twice the value for copper is satisfactory. 

It is practical to make a copper disc structure which has the required tem- 
perature coefficient. Fig. 33, which is a cross-section of a 721A tube, shows 
how temperature compensation within the tube is effected. The disc is 
slanted away from the center portion of the tube, so that as temperature 
rises the cone is carried away from the gap. At the same time the cone 
itself expands; the net effect is to increase the gap between the two cone 
tips. The angle of the slanted part of the disc must be such that the gap 
increases with temperature at the same rate that it would in an all-copper 
cavity. If this condition is fulfilled, the net result of the expansion of all 
the tube parts, and of the cavity itself, will be the same as if it were all made 
of copper. This result is achieved by an experimental series of successive 
approximations. A number of models are built until the angles are found 
which give the desired temperature coefficient of frequency. 

The gas content of the tube was the subject of considerable study. As 
stated in the section on Recovery Time, gases which readily form negative 
ions are invariably the most satisfactory from that viewpoint. Gases of 
low ionization voltage, such as the rare gases, give excellent protection but 
usually have extremely poor recovery. The choice of a TR gas must of 
necessity be a compromise between the two requirements. Some otherwise 
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satisfactory gases are not useful because of other characteristics. HCl is 
an excellent TR gas, but is very corrosive. Freon, a common refrigerant, 
is excellent but is unstable. In general, no gas which contains a solid ele- 
mentary constituent is a satisfactory TR gas. The most satisfactory gas 
found was water vapor. It is cheap, stable, and easy to handle. Water 
vapor alone is not safe to use at a low temperature, so a small amount of 
hydrogen is added to ensure adequate protection when the water vapor is 
frozen out. 








POSITION OF CONE AT 
ELEVATED TEMPERATURE 


(EXAGGERATED) 


Fig. 33—Cross section of a 721A TR Tube, showing the special shape of the temperature 
compensated discs 


The life of a TR box is in general determined by the gas volume. The 
radio-frequency discharge consumes no gas except at extremely high power 
levels; the igniter discharge accounts for the greater part of the loss of the 
gas initially placed in the tube. Reduction of the water vapor to hydrogen 
by formation of copper oxide on copper parts of the tube seems to be the 
principal process which goes on. This change results in no change in total 
pressure until the water vapor is exhausted; thereafter sputtering becomes 
more important and accounts for a fairly rapid hydrogen clean-up. The 
life of a TR tube is determined by the igniter current, which is maintained 
at a value as small as possible consistent with adequate spike protection, and 
by the volume of the tube. 
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Fig. 34—Setup for making 724B copper-to-glass disc seal 
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The lack of water vapor in a tube which has been operated for some 
hundreds of hours may manifest itself by a failure in either protection or 
recovery time. The operating frequency determines which failure becomes 
important first; at long wavelength it is likely to be recovery, while at shorter 
wavelength the spike protection is likely to fail first. 

The life of a TR tube operated without igniter is very much longer. This 
may be understood from the picture given above under “recovery,” of the 
state of affairs existing in the radio-frequency discharge. Electrons do not 
completely traverse the gap, but oscillate about some mean position, while 
the positive ions hardly move at all. Thus there is little more interaction 
between the metal electrodes and the gas molecules with the R.F. discharge 
on than with it off. A few 721A’s have been operated without igniter for 
as long as 5000 hours with no measurable change in either protection or re- 
covery. This experiment was done at a transmitter power level of 250 kw. 
peak power. The best life that can be expected with the igniter operating 
at 100 microamperes is 500 hours, at which time the recovery time is badly 
deteriorated. In order to maximize the life of the tube, the initial gas filling 
consists of a minimum amount of hydrogen and as much water vapor as 
may be introduced without causing excessive leakage power (see Figs. 20 
and 23). 


MANUFACTURING AND TESTING 


Some interesting problems occur in the manufacture of copper-disc seal 
TR tubes which are quite different from those encountered in the construc- 
tion of more conventional tubes. The copper-disc seals are usually made by 
high-frequency induction heating. Close control of the spacing between 
discs must be maintained during the bulb-making operation in which the 
discs are fused to the glass parts of the tube. One way of accomplishing 
this is shown in Fig. 34, which depicts a machine setup for making the 724B 
TRtube. The parts are held by lavite forms which support and locate them 
during the bulb-making process. The scal is made possible by a correct 
choice of copper thickness. The copper disc is stressed due to forces set up 
by the different expansion coeflicients of the glass and the copper, and if too 
thick will pull the sealapart. If too thin, the copper itself will tear. Never- 
theless, a properly designed copper-disc seal is very strong; the copper-disc 
seal TR tubes will pass the JAN1-a* mechanical and thermal shock tests for 
glass tubes without any difficulty. 

The electrical pretuning operation, referred to earlier, comes right in the 
middle of the manufacturing process. Before the igniter is sealed in, the 
bulb is placed in a special pretuning cavity. The setup includes an oscillator 


* Joint Army-Navy Specification for electron tubes. 
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of appropriate frequency range, a wavemeter, and some device for indicating 
resonance. The part inside the glass of one of the copper discs is bent, by 
gentle tapping, until the resonant frequency of the bulb in the special cavity 
is within the required tolerance (which may be as small as 0.25%) of the 
pretuning frequency. : 

No heat treatment of any kind is used in the pumping of TR tubes. It 
is obviously unnecessary to subject the tubes to the usual baking, the princi- 
pal purpose of which is to remove water vapor film from the tube parts. On 





the contrary, it is difficult to control the water vapor pressure in tubes which 
have been baked as the parts absorb a surprising quantity of water. The 
tubes are filled to fairly high pressure, so a diffusion pump is not necessary. 
Fig. 35 shows a pump station used in production of the 724B. 

The test procedure for TR tubes must verify that each individual tube 
will fulfill its fourfold function of protecting the crystal, of recovering rapidly, 
and of introducing neither excessive high-level loss nor excessive low-level 
loss. The tuning of each tube must be verified, and it must pass mechanical 
and dimensional tests. Fortunately a tube which is otherwise sound will 
never introduce excessive high-level loss, so no specific test is required. 

The protection test may be made either with a c-w oscillator of suffi- 
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ciently high level to ionize the TR tube gap, or with a magnetron in the 
equivalent of a radar microwave head. The high-level test bench used for 
the 724B is shown in Fig. 36. This bench uses a radar microwave head 
fitted to special plumbing. In either case, the leakage power is measured at 
a specified R.F. level. For production testing, an actual measurement of 
recovery time is not used. Instead a test which measures the quantity of 





Fig. 36—High Level Test Bench for the 724B Vacuum Tube 


water vapor in the tube in a relative way has been developed. ‘This test 
involves touching some part of the tube envelope with a piece of carbon 
dioxide ice, so that most of the water vapor is frozen out forming a small 
spot of ice on the inside of the tube. Only the hydrogen remains, and the re- 
sulting change in either the leakage power or the igniter arc drop is indicative 
of the quantity of hydrogen and of water vapor in the tube. Careful correla- 
tion must be made between this simple dry-ice test and absolute recovery 
time measurements; experience has shown the dry-ice test to be reliable 
and in the hands of a skilled operator very informative. 

Low-level loss and tuning are checked at such low level that the gas does 


90 BELL SYSTEM TECHNICAL JOURNAL 


not ionize in a cavity of restricted tuning range. Every tube must resonate 
within the range of the tuning adjustment, and the transmission loss through 
the test cavity must not be excessive. 

Two additional tests are made at the time the d-c igniter characteristics 
are checked. One, igniter interaction, is important in the 721A, the 10 
cm, TR tube. This tube has rather large openings in its cone tips, so that 
if the igniter electrode is sealed in too close to the cone tip, the glow discharge 
which surrounds it may extend out into the gap. Such a defective tube will 
show igniter interaction; the low-level loss through it will be more when the 
igniter arc is on than when it is off. Normal tubes do not show this effect. 

The 724B 3 cm. TR tube has such a tiny opening in its cone tip that 
igniter interaction does not occur. The tube is more subject to igniter os- 
cillations, perhaps because it is filled to a higher gas pressure. The conse- 
quences of these oscillations was explained in the section on The Spike. 
Igniter oscillations are usually due to an improper gas filling, and are de- 
tected by means of a cathode ray oscilloscope. 

The above tests are made on each tube as it comes off the production line. 
Some additional tests are made on selected samples to insure that the quality 
is being maintained. Selected tubes are subjected to mechanical shock 
tests and to temperature variation tests to verify both their resistance to 
thermal changes and that their temperature coefficient of frequency is not 
excessive. Absolute recovery time, Q, and leakage power tests are made 
on these tubes, and some are set aside for life testing. By all these tests 
the important electrical properties of the tube are under constant scrutiny 
and the danger of shipping defective tubes is minimized. The importance 
of adequate testing can hardly be over-emphasized, as a defective TR tube 
may render a whole radar system inoperative. 


ACKNOWLEDGEMENTS 


Because of the very close liaison maintained during the war period between 
various industrial and governmental laboratories, the developments de- 
scribed in this paper were carried on with the constant advice and criticism 
of many individuals. It is not therefore possible to assign credit to specific 
individuals for any particular aspect of the work with any certainty. The 
authors would be remiss, however, were they not to call attention to the 
many contributions made at the M.1.T. Radiation Laboratory particularly 
by members of the group under the direction of Dr. J. R. Zacharias and later 
Dr. A. G. Hill. Colonel J. W. McRae assisted in the early formulation of 
the TR problem and Captain A. Eugene Anderson did much of the original 
development work on the 724B tube while at the Bell Laboratories and was 
later involved in the formulation of test methods and test limits in connec- 
tion with his Signal Corps work. Mr. C. F. Crandell of the Southwestern 


GAS-DISCHARGE TRANSMIT-RECEIVE SWITCH 91 


Bell Telephone Company, while at the Bell Laboratories, was responsible 
for the construction of test equipment and for most of the recovery time 
measurements reported in this paper. At various periods during the de- 
velopment work Messrs. A. B. Crawford, V. C. Rideout, G. M. Eberhardt 
and J. P. Schafer were closely associated with the measurement of the system 
performance of TR tubes. Mr. R. M. Purinton of the Bureau of Ships de- 
serves much credit for his encouragement and assistance in the standardiza- 
tion program which led to the adcption of the 721A and 724B tube designs 
by all manufacturers. The Thermionics Branch of the Evans Signal Labora- 
tory provided the -ulk of the electrical standardization, calibration and 
engineering service associated with these tubes and assisted in the develop- 
ment of improved test methods. The magnificent production job done by 
the Western Electric Company and by other manufacturers, particularly 
by the Sylvania Electric Products Inc. in making these tubes available to 
the armed services also deserves mention. Perhaps the final mention should 
go to the many circuit design engineers both within the Bell Laboratories 
and elsewhere who bandled the many difficult problems relating to the design 
and use of TR cavities in actual radar systems. 


APPENDIX A 


ANALYSIS OF THE IDEALIZED TR Box 


Schelkunoff has shown* that the impedance of a resonant cavity can be 
represented in terms of its resonant frequencies as 


z=> ee (1) 
. (2 = =) aye 
J Wa w Qa 
or in the vicinity of any single resonance as 


Fm Bi tpn 

je ans ae de 

se E)a 
Under most conditions the Z; term is negligibly small. We are therefore 
justified in thinking of the generalized resonant cavity used as a TR switch 
as a shunt resonant circuit to which are coupled input and output circuits. 
For the moment we will consider (1) that these external circuits are resistive 
only, (2) that the Z, in equation (2) is zero; and (3) we will restrict the analy- 
sis to the in tune condition. 


When the cavity is excited by energy supplied from the input circuit 
there exists in the cavity a certain amount of reactive power which will be 


(2) 


*S. A. Schelkunoff, “Representation of Impedance Functions in Terms of Resonant 
Frequencies,” Proc. 1.R.E., vol. 32, pp. 83-90, February (1944). 
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designated by the symbol Po. Of this power, a certain fraction 6p is dis- 
sipated as losses in the cavity itself where 


1 
bo = 6° (3) 
The symbol Qo with the subscript is further defined as the intrinsic Q, 
that is, the Q without external loading, to differentiate it from the more 
general Q;, which is the measured Q when the cavity is loaded down by 
external coupling. It should be noted that this definition of 6 differs from 
the logarithmic decrement by a factor 7. 
When coupled to the external circuits the loaded 6 is increased. On the 
assumption that the loading effects of the input and output irises are in- 
dependent we can write 


6p = bo +h + & (4) 


where 4, is the loaded 4, and 6, and é are respectively the input and output 
loadings. Physically the assumption underlying this expression is that the 
distribution of electromagnetic fields within the cavity is not seriously al- 
tered by the input and output coupling devices. This assumption should 
certainly be valid as long as the absolute values of the 6’s are very small 
compared to unity. Since the 6’s usually encountered are of the order of 
10- or less, the assumption seems to be justified. 
Equation (4) may be written 


1 1 
a =5 tats (5) 
QO: Qo 1 2 
The values of 5; and 6: evidently depend upon the ratio of the apparent 
series resistance which the external coupling introduces into the resonant 
cavity to the effective reactance of the cavity, that is, 





RR 
= 6 
A (6) 
where , is the transformation ratio of the input coupling device, Ri is the 
resistance of the input circuit and X is the cavity reactance. Similarly 
ko Ro 
x: 

The values of the 6’s may be equally well considered as the ratios of the 
coupled conductance to the shunt susceptance of the cavity considered as a 
shunt resonant circuit so that equations (6) and (7) become 


i 
b= BR (8) 


61 


(7) 


b= 
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and 


be 2 

kB 
when the R’s and X are replaced by their reciprocals and transformed from 
a shunt to a series circuit. 

The equivalent circuit is shown in Fig. 37, where for convenience every- 
thing is referred to the cavity and the sources for receiving and transmitting 
are represented by constant current generators, J and J, respectively. 

The Low-Level Transmission. We are now in a position to express the 
low-level transmission of the cavity. For this purpose we will assume that 


(9) 





TR CAVITY 


81 BYy 


aaa 
CRITICAL LENGTH 
OF LINE 


Fig. 37—Equivalent circuit of a system referred to the TR cavity 


the admittance of the transmitting branch at plane AB is infinite. The 
available power is given by 


a r 

46, B° 

while the power actually going into the load is given by 
P.B 

(60 + 61 + 62)? B 

the power transmission ratio defined as T is given by 


- 451 52 
eer. ee ma 


One additional expression is desired. This is the ratio of cavity input 
resistance to the resistance of the input circuit. This is evidently the 
reciprocal of the conductance ratio and is given by 
| 

by + 52° 


Povait = (10) 


Pout = 


(11) 


o 


(13) 
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The symbol g is used to call attention to the fact that the in tune impedance 
ratio is numerically equal to the voltage standing wave ratio on the input 
line. 

The low-level behavior of the cavity is thus defined by three equations. 


6p = 50 + fi + be (4) 
= 45, 52 

f GPa te (12) 
sp 

om eae (13) 


High-Level Operation. The high-level performance of the cavity con- 
taining a gas discharge can be expressed directly in terms of our original 
definitions. Fig. 37 still applies, the transmitter admittance changing 
to its operating value which is assumed to be 6,8 at the plane AB. When 
the gas discharge becomes conducting, the switch S is closed, the value of 
the reactive power in the cavity (Po) is set by the character of the discharge 
and the leakage power is given by 

P, = Pob2. (14) 

A constant value of Po is equivalent to a constant value of V in the figure. 


The power dissipated in the cavity walls, the gas discharge and in the out- 
put circuit must evidently be given by 


In 
Py = IaY = (Pay) (1s) 
if V << I,/6B. 
Of this power an amount called the excitation power 
P. = Podo (16) 


is lost in the cavity walls. The net loss of power in the gas discharge is 
given by 
P,=Pi-—Pr— Ps (17) 
or 
P, = (P Pods)? — Po(So + &). (18) 
Since the last term is usually very small compared to the first term, we may 
write 
P, * (P Poi)”. (19) 
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This equation was used for plotting Fig. 16, where 6; is replaced by its equiva- 
lent in terms of o, Qo and T. 

The Derived g Parameters. For some purposes it is convenient to eliminate 
5 from the expressions for T and. This may be done by defining 





6 
= z (20) 
and 
a= F. (21) 
Introducing these new parameters the equations become 
Ota s (22) 
Q. 
4g1 £5 
OT fee a SOROS ae 23 
Fate me) 
£1 
= 24 
°"T+e me) 
Py = Pegs (25) 
Py = (PP.gi)? (26) 


The g parameters are particularly useful in defining the behavior of a 
tube and cavity combination when 6p is a fixed quantity while the effects of 
changes of 5 are more clearly shown when the 6 parameters are used. The 
g parameters may be determined experimentally, using equations (21) and 
(22) without knowing the value of 60, that is of Qo. On the other hand the 
g’s are altered if a tube is replaced by one giving a different Q value while 
the 6’s are intrinsic properties of the coupling mechanisms and remain fixed 
as long as the cavity and the tube tune at the same frequency and have the 
same effective reactance. 

Tabulation of Related Equations. In the interest of completeness a num- 
ber of the more important combinations of the basic equations are listed in 
Table 1. Some of these are of interest for measurement purposes while 
others apply particularly to actual system conditions. 

Off-Resonance Analysis. The analysis can be extended to predict the 
transmission when the cavity is detuned from resonance by introducing the 
necessary susceptance term in equation (11) above and solving for T. This 
gives for the absolute value (neglecting phase) 


461 52 


LP = —_ 5 
+ a+ar+[2—%] 
@o 


(27) 


o 
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where wo and w are respectively the resonant angular frequency and the 
operating angular frequency. 
This may be rewritten as 


where 7» is the in tune transmission and Q, is the loaded Q, if one assumes 
that the 6’s and Q, remain unchanged for small departures from the resonant 
wavelength. 

The input impedance of the cavity in terms of the input line impedance 
is then 


5 
j[2-*] +a +4 
Wo 


@ 


Z= (29) 


The effect of other resonant modes which have been neglected in this 
analysis may be included by the addition of a term (o;) in equation (29) 
giving 
4 


Z=at+ (30) 


j[2-S]+a+s 


wo wo 
Equation (30) and equation (2) are identical except for terminology. 
APPENDIX B 


EXPERIMENTAL DETERMINATION OF “g” PARAMETERS OF WINDOWS 


The derived g-parameters which express the electrical size of a window 
between a resonant cavity and a surge impedance line were defined in Equa- 
tions 20 and 21 of Appendix A. Numerical values of these parameters may 
be of some interest, together with their relation to physical dimensions of the 
windows. The 721A test cavity was used for an experimental determina- 
tion of the relation between window width and “g.” This cavity is 235 
inches inside diameter, and is coupled by means of windows to two 3% diam- 
eter coaxial lines. The width of the windows may be adjusted by rotating 
the coaxial lines so as partially to close the openings. The insertion loss 
through the cavity was measured at 3100 mc. by means of a superheterodyne 
receiver which included a calibrated attenuator in its intermediate frequency 
section. The windows were carefully maintained geometrically equal. In 
this case, 

pun 


eo 2a — 1) 
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which follows immediately from equation 23 of Appendix A on the assump- 
tion that g: = ge. Fig. 38 shows the results; g proves to be proportional 
to the fifth power of the window width, over a very large range of values 
of g. A knowledge of this relationship permits one, with the aid of equa- 
tions 23, 24, 25, 26, and 27 of Appendix A to calculate the window size 
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Fig. 38—The relationship between window conductance (g) and window width for the 721A 
test cavity 


necessary to give any desired conditions of match, insertion loss, and leakage 
power. 


APPENDIX C 
Tue ATR Box 


The value of the input impedance of the ATR is given by equation 29 
with 6; equal to zero so that 


Z= BS # OUR race (31) 
i E - a + b 
a @ 
which reduces to 
6 
Ra 32 
3, (32) 


for the in tune case. This impedance is in series with the magnetron branch 
and hence restricts the possible range in values for the impedance at plane 
AB. Defining as F the fraction of the available power which is not ab- 
sorbed by the ATR, then from Fig. 39 with the admittance of the receiver 
branch assumed to be 6,3, 

4 


= @pot Be’ (33) 


F 
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Fig. 39—Equivalent circuit of a system including an ATR 
150 
Py=6w 
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Fig. 40—Average leakage power as a function of repetition rate for two different values of 
pulse duration for 724B tube 


where 

2 a oh. 
(Zm + Z) 

and Z,, is the impedance of the transmitter referred to the cavity and meas- 

ured at the plane CD. The worst condition will occur when Zp, = 0. 

Under these conditions but assuming that the ATR is in tune 


Sen 
2+ 


G= 7B (34) 


F= (35) 
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But now G is the reciprocal of the Z of equation (32) so that 


4s; 


P= OR oP 


(36) 
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Fig. 41—Average leakage power as a function of pulse duration for the 724B tube 
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Fig. 42—Average leakage power as a function of average magnetron power for two different 
values of pulse duration for the 724B tube 


This equation is analogous to equation (12) of Appendix A. At high levels 
the gas discharge power will be given by equation (19) as for the TR 


P, = [P Po di)” (19) 
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If the ATR and the TR are designed to have the same value of P, then the 
values of 5; and 69 must be the same so that a relationship will exist between 
F and T given by 


ge ta tee 
(3 — T)? 
The input impedance Z to an ATR adjusted to the same gas discharge power 
of a TR with a transmission of T is given by 


eft 
1-T* 
APPENDIX D 
Tue ANALYSIS OF LEAKAGE Power DATA 


F= (37) 


Z (38) 


The section on receiver protection described the three components of 
leakage power which were referred to as spike, flat, and direct coupling. 
One may write down at once the following simple expression for leakage 
power: 


Pp = Exf + Poft + PuTo (39) 


where Pp is average leakage power 

E, is energy in a single spike 

f is pulse repetition frequency 

Py is flat power 

t is pulse duration 

Py is average magnetron power (averaged over the recurrence period) 

and 

Tp is direct coupling insertion loss. 
Experimental curves verifying the linear relationships indicated by this 
simple equation are shown in Figs. 40, 41, and 42. It is a straightforward 
operation to deduce numerical values for the three TR box leakage param- 
eters from the slopes and intercepts of these curves. 

Equation (39) was written on the assumption that gas-limited flat power 

and direct coupling power add linearly. If instead we assume that a phase 
angle @ exists between the two currents, we find: 


Pr = Exf + Prft + ToPu + 2V PeftToPu cos 0 (40) 


This of course is identical with equation (39) except for the cos @ term. If 
cos 6 is not zero, we no longer expect a linear variation of Pe with f, ¢, or 
Py; the experimental curves demonstrate quite clearly that cos @ must 
vanish, hence 6 must equal 90°. 
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INTRODUCTION 


HE spectacular development of radar during World War II remains 

an outstanding achievement in the history of communications and the 
allied electronic sciences. With military necessity furnishing the required 
driving force and through the full interchange of technical knowledge among 
all interested workers in this field, it has been possible to extend our visual 
senses far beyond the horizons considered quite inelastic only a few years 
ago. The potentialities of radar in the peacetime world and the future 
application of radar design principles and techniques to the communications 
and allied fields justify a review of some further details of this wartime de- 
velopment. 

The performance and design aspects of radar receivers will be considered 
in this paper. For this purpose, the radar receiver will be defined as that 
assemblage of components within the radar system which is required to 
detect, amplify, and present the desired information as gathered at the radar 
location. The input signals to the radar receiver consist of radio-frequency 
pulses containing information regarding the area under observation by the 
radar system, together with coordinate data defining further characteristics 
of this observed area. The output of the radar receiver is most commonly 
an optical presentation of this composite information, but in certain appli- 
cations the output is further converted into electrical or mechanical signals 
for specific use. In general, the output of a radar receiver is presented in a 
form capable of immediate analysis and use. 

Though the functional boundaries of the radar receiver are by the above 
definition quite distinct, the exact detailed composition of the receiver and 
the specific component designs are influenced by a considerable number of 
factors. The successful performance of a radar receiver is dependent to a 
large degree on the nicety with which these individual components are 
assembled into the system as a whole. 

A study of the principal factors which influence the design of the radar 
receiver is presented in the following sections, followed by a more detailed 
exposition of the principal design aspects of the various components associ- 
ated within the receiver. Illustrative equipment descriptions are included 
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where military security permits. All of the specific equipment examples 
presented here have been chosen from radar systems that have been de- 
veloped within the Bell Telephone Laboratories and manufactured for the 
services by the Western Electric Company. This latter limitation excludes 
many interesting experimental developments which have not been produced 
in quantity and which have not, therefore, been substantially employed by 
the services during the war period. 

It should be observed that the rapid development and successful employ- 
ment of radar systems during World War II have come about through the 
cooperation and coordination of various governmental and military agencies, 
many research and development organizations, and countless individual 
workers. It is, therefore, an impossible task to assign individual credit for 
the details of the development which is here described. Radar has reached 
its present state of development through the efforts of many, not only those 
employed specifically on radar projects during the war years, but also those 
technical workers in the communications and allied fields in the years prior 
to the war who so adequately supplied the firm basic foundation upon which 
to build. 


1. RADAR RECEIVER DESIGN CONSIDERATIONS 
1.1 The Military Radar System 


The specific use and area of operation of the radar system are two basic 
factors which exercise a profound influence on the receiver design. It is, 
therefore, pertinent to consider some common classifications of radar sys- 
tems as employed during the war years. 

A convenient functional classification of military radar systems may be 


made as follows: 


A. Search or Navigation 

This classification may include warning of the presence of enemy surface 
vessels or aircraft, navigation by location of landmarks, and reconnaissance. 
B. Missile Control 


This function includes radar systems to control gunfire and release bombs 
or missiles. 


C. Aircraft: Interception 
This classification may be considered as an airborne combination of search 
and missile control, but is separated here because of the special radar design 


problems encountered. 
As the detailed electrical performance requirements are primarily in- 
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fluenced by the above functional classification of radar systems, the me- 
chanical equipment design or arrangement is likewise considerably in- 
fluenced by the area of use of the radar system. As an illustration of this 
factor, radar systems may be alternatively classified according to the area 
of operation as follows: 


A. Ground Equipment 


The equipment design of a ground radar system must include provisions 
for portability, protection against damage in movement over rough terrain, 
and for operation under extreme weather conditions. 


B. Naval Surface Vessel Equipment 


Radar equipment employed on surface vessels is subject to extreme at- 
mospheric corrosive conditions, severe shock from gunfire and, in some 
cases, partial immersion in sea water. Large naval vessel installations 
often involve extreme distances between the location of the various com- 
ponents of the radar system. 


C. Airborne Equipment 


Mechanical equipment features for aircraft use must include provision 
for operation over rapidly fluctuating conditions of temperature and atmos- 
pheric pressure. Vibration conditions coupled with strict weight require- 
ments result in many additional problems from the equipment designer’s 
standpoint. 2 

Figures 1, 2, and 3 indicate typical radar equipments employed on the 
ground, sea, and air, some component designs of which will be reviewed in 
later sections of this paper. 


1.2 The Function of the Radar Receiver 


The basic function of a radar receiver is to translate and present the in- 
formation received at the radar location in a desirable form. This requires 
that the receiver contain provisions to enable: 

A. Conversion of the received signals, originally of a microwave fre- 
quency character, to signals in a frequency region more convenient to 
utilize. 

B. Amplification of the extremely low energy signals as received to 

amplitudes useful to the observer. 

. Correlation of all other available pertinent data with the received 
microwave signals to allow determination of the complete coor- 
dinates and other desired characteristics of the target under observa- 
tion. 


Qa 
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Fig. 1.—Radar Equipment—Mai is mobile equipment operating at 1000 mc 


rk 20. 
is employed for searchlight control purposes. 
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D. Presentation of all desired information to the observer in a form cap- 
able of immediate analysis and use. 
With these functional requirements in mind, it is in order to examine the 
character of the information available at the input and that required at the 
output terminals of a radar receiver. 


1.21 Characteristics of the Radar Receiver Input Signal 


In general, the signal radiated by the radar transmitting antenna and 
received by the receiving antenna consists of intermittent pulses of energy 





PLAN POSITION RANGE UNIT RANGE INDICATOR ANTENNA STEERING WHEEL 
INDICATOR 


Fig. 2.—SJ Submarine Radar. Operating position of radar equipment in conning 
tower of U. S. Navy submarine. 


at microwave frequencies. The methods employed in the generation and 
propagation of these radar microwave signals havé been described else- 
where.!:? For our purpose, it suffices to state that microwave frequencies 
extending from 700 mc to 10,000 mc are commonly employed. Pulse widths 
of 0.5 microsecond to 5 microseconds at repetition rates extending from 100 
pps to 2000 pps are encountered in modern military radar systems, the 

1“The Magnetron as a Generator of Centimeter Waves,” J. B. Fisk, H. D. Hagstrum 
and P. L. Hartman, Bell System Technical Journal, Vol. XXV, April 1946. 


2“Radar Antennas,” H. T. Friis and W. D. Lewis, Bell System Technical Journal, 
Vol. XXVI, April 1947. 
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Fig. 3.—Components of Lightweight AN/APS-4. Airborne search and interception 
radar equipment. 
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exact choice of these parameters being dictated by the specific application 
of each type of equipment. 

It has been customary to employ a common antenna system for both the 
transmitting and receiving functions, the necessary protection of the sensi- 
‘tive receiver input circuits from the high power transmitted pulse being 
furnished by a TR switch or tube? The gas discharge TR switch assembly 
attenuates the energy fed to the input terminals of the receiver for the 
duration of the microwave outgoing pulse. At the time of decay of this 
transmitting pulse, the TR switch is arranged to offer low attenuation be- 
tween the antenna and the receiver to any received signal. 

The received microwave signal will be found to fluctuate in amplitude 
between extremely wide limits. This amplitude characteristic of a re- 
ceived radar signal is affected by the size and composition of the target, 
the power of the radiated outgoing pulse, the distance or range to the target, 
and miscellaneous propagation effects. Military requirements necessitate 
designing the radar receiver to perform successfully with the minimum re- 
ceived signal, while not unduly compromising this performance when sig- 
nals of relatively high energy content are encountered. 

Other characteristics of the transmitted microwave signal, such as pulse 
shape and repetition rate, are chosen to enable maximum performance to 
be attained for the specific application to be covered. The proper treat- 
ment of these miscellaneous characteristics of the radar signal is of basic 
concern to the receiver designer. 

The primary basic information which can be derived from the charac- 
teristics of the received radar signal itself consists of data concerning the 
range to the target under observation. This range data is made available 
by a measurement of the elapsed time between the departure of the out- 
going pulse and its return after reflection from the target and consideration 
of the velocity of electromagnetic wave propagation. ~ 

To determine the complete coordinates of a radar target, correlation of 
the range information, as determined above, and the direction of radiation 
from the antenna is necessary. Signals containing information as to the 
instantaneous attitude of the antenna with respect to chosen reference axes 
are, therefore, to be considered as essential inputs to the radar receiver. 

Though the natural coordinate system of radar is of a polar form, many 
specific applications of radar systems require conversion of this information 
into other forms more convenient of use. For example, while in gun-point- 
. ing radar applications, it is desirable to present the final information in a 
polar coordinate form, corresponding to the aiming axes of the guns in many 
airborne radar bombing systems, it is necessary that the presentation be 


3“The Gas-Discharge Transmit-Receive Switch,” A. L. Samuel, J. W. Clark and W. 
W. Mumtford, Bell System Technical Journal, Vol. XXV, January 1946. 
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made in terms of rectangular or other convenient coordinate systems re- 
ferred to the ground itself. In certain applications, the characteristics of 
the display or presentation device requires that coordinate conversion func- 
tions be included within the radar receiver. The conversion and proper 
presentation of all radar system coordinate information will, therefore, be 
considered a necessary function of the radar receiver. 

Additional forms of radar receiver input signals encountered are those 
primarily associated with the specific application of the radar system. 
Reference coordinate axes data obtained from compasses or gyroscopes are 
among the most common of these. In gun-fire control and bombing appli- 
cations a considerable quantity of computed data must be accepted by the 
receiver. These data may include predicted quantities which must be 
presented in addition to the usual received present-time radar information. 
In the case of airborne radar systems, provision must be included to properly 
display navigational beacon and identification signals. The beacon is 
operated by the radar transmitter in the aircraft and returns a coded signal 
at a frequency slightly removed from the normal radar band. All aircraft 
radar receivers are required to adequately detect and properly display this 
information. It has also become common practice to require provision 
within the radar receiver for display of interrogator-response signals as 
employed for military identification purposes. The identification equip- 
ment (IFF) proper is not a radar system component and, thereforé, it will 
not be considered here. 


1.22 Character of the Output of a Radar Receiver 


The output of a radar receiver is required to be available to the observer 
in a form which will permit immediate analysis and use of a maximum 
of the received information. The consideration of some additional charac- 
teristics of the radar information available and the military applications 
will furnish a basis for choice of presentation means in the receiver. 

Because of the inherent pace of the constantly changing tactical mili- 
tary scene, the basic requirements imposed upon the radar presentation 
device are severe. For example, the use of radar in an aircraft, or on the 
ground or sea directed against aircraft involves a process of obtaining in- 
formation on targets having relative velocities upward of 500 feet per 
second. If the radar system under consideration is being employed to fur- 
nish data for the release of bombs or to direct gunfire, a fraction of a second 
represents dimensions comparable to the target size. Such considerations 
adequately emphasize the extreme importance of retaining the ‘‘immediacy”’ 
characteristic of the information through the presentation device. 

Another factor influencing the design of the presentation components in a 
radar receiver is found in consideration of the extreme complexity of the 
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received radar information. This complexity is created out of the compara- 
tively limited resolution available and from the military need for presenta- 
tion of detailed information concerning large areas during small time 
intervals. 

The effect of limited resolution on the choice of presentation means of a 
radar receiver can be appreciated by considering the following. The micro- 
wave pulse employed in modern radar systems has a duration in time cor- 
responding in linear range dimensions of hundreds of feet, while the beam 
width of commonly employed radar antenna systems likewise includes 
hundreds of feet of target at useful ranges. Thus, the inherent radio- 
frequency “resolution” is limiting to an extent that, while it usually enables 
one to determine the coordinates of the centroid of the target, it willnot 
furnish adequate information as regards the exact size or shape characteris- 
tics of the target. The radar response of an area of military interest is a 
function of electrical conductivity and other related characteristics, rather 
than of the military importance of the target. These factors indicate 
strongly that the human observer must be required to supply a certain 
function of interpretation, and that the chosen radar presentation means 
should be such that this is possible. An effective illustration of this situa- 
tion is found in the descriptive term “navigation by constellation” which 
was common among the radar operators in the long-range bombing forces. 
Here tht navigation to and the orientation with respect to the military 
objective was often possible only through the interpretation of strong 
radar responses from known landmarks. Offset bombing, where the 
bombing radar operator carried out his observations on a satisfactory 
radar target in the vicinity of the final objective and introduced the known 
offset coordinates in the computed release point so as to strike the military 
objective, was found to be a successful method of partially overcoming this 
basic limitation of World War II radar equipments. 

Modern warfare is concerned with rapid movement and extremely large 
area operations. The display of continuous information regarding these 
large areas is a basic military requirement of the modern radar system. 
For specific military applications the radar viewpoint may often be re- 
stricted to selected limited areas with increased demands on detail and on 
reproduction of changing information during small time intervals. 

The above considerations have led to a choice of presentation means for 
the military radar system which is of an optical nature and has the essential 
characteristics of motion pictures. Such a display of complex information, 
in general, allows the observer to concentrate his attention at any time on 
any desired region of interest, to orient himself with respect to the broad 
features of the complete area, and to be cognizant of changes in the scene as 
they occur. 
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The cathode-ray tube has been most universally employed as the display 
device in the modern radar system. The incoming electrical information 
from the various receiver inputs is here electronically converted into a 
visual form capable of being modified over small intervals of time as the 
change in the radar scene occurs. Multiple presentations having various 
map-scale factors are found in many modern radar systems to enable de- 
tailed examination of a small magnified target area, while retaining the 
ability to observe the broad area features at will. 

The use of radar for the purpose of control of gunfire, release of bombs, or 
steering of a vessel or aircraft requires that essentially continuous coordinate 
information be transmitted from the radar observer to the device under his 
control. This is usually accomplished through the registration of mechan- 
ical or projected electronic markers upon the visual radar display, this 
process of successive alignment furnishing the required information to the 
controlled device. In the case where automatic means of maintaining 
coincidence between marker and target are employed it should be observed 
that the original selection of the target and the initial coincidence adjust- 
ment still remains a matter for interpretation on the part of the human oper- 
ator, and here again the visual radar display form is desirable. 

The presentation means of a radar receiver has, therefore, been choseri 
to allow complete display of the data as quickly as it is received and in a 
form most convenient to the understanding of the human operator. In 
a broad sense, the radar system output terminal conditions and require- 
ments are similar to those encountered for any communication system 
ie. to supply the human observer with all the information available to the 
system in a form which will permit maximum usefulness with a minimum of 
delay. 


1.3 Composition of the Radar Receiver 


For convenience in the discussion to follow, the generalized radar receiver 
will be partitioned as shown in Figure 4. This particular choice of com- 
ponent division is somewhat arbitrary, but is chosen because of its func- 
tional simplicity. Mechanical, and in some cases electrical, conditions 
encountered in any particular radar system design often indicate physical 
arrangements which will differ considerably from the arrangement illus- 
trated. 

The converter component of the radar receiver has, as its primary func- 
tion, the conversion of the received microwave signal to an intermediate 
frequency region where further amplification and discrimination is possible. 
The converter consists of a beating oscillator operating in the microwave 
frequency region and a nonlinear element, which at the higher radar fre- 
quencies consists of a point-contact crystal element. At the lower radar 
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frequencies it is customary to employ vacuum tube radio-frequency ampli- 
fiers preceding the converter element, and in these cases, similar vacuum * 
tubes are employed as the nonlinear element. The output frequency of the 
converter commonly ranges from 30 mc to 100 mc. Because of the com- 
parative difficulties experienced in the transmission of microwave energy 
over transmission lines or waveguides as contrasted with the problem at the 
lower intermediate frequency region, it is standard practice to locate the 
converter in close proximity to the antenna and transmitter portions of the 
radar system. 

The intermediate frequency (IF) amplifier and associated second detector 
unit following the converter in Fig. 4 is required to obtain the necessary 
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Fig. 4.—Schematic diagram of principal components of a military radar receiver. 


amplification to the wanted signal, to supply discrimination against un- 
wanted signals, and to finally convert the desired signal to a video form for 
presentation purposes. The usual gain required of a modern radar inter- 
mediate amplifier is of the order of 100 db. The band width of the IF 
amplifier is usually chosen between 1 mc and 10 mc depending on the specific 
radar system requirements. The techniques of construction developed for 
high gain radar IF amplifiers have resulted in compact component designs 
which are complete units in themselves, capable of being integrated into 
various radar systems. 
The video amplifier characteristics are dependent to a large degree on - 

the particular type of display system associated with it. Its primary func- 
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tion is to amplify the video signal output of the second detector, together 
With some other signals to be impressed on the cathode-ray tube. In this 
field the principles of design follow closely those developed for television 
prior to the war. Band widths of the order of 1 mc to 5 mc are commonly 
employed and output voltages ranging from 10 volts to 250 volts are re- 
quired by the cathode-ray tube. Controllable nonlinear amplitude-gain 
characteristics are occasionally included in these video circuits to enhance 
the contrast or improve the apparent signal-to-noise performance. 

The display device universally employed in modern military radar systems 
is the cathode-ray tube. The electro-optical response characteristics of this 
device may be chosen over quite wide limits to suit the specific needs of a 
particular system. In slow scanning systems, use of long time-decay optical 
characteristics of the sensitive screen is found to be advantageous, while in 
other cases of high-speed scanning, shorter persistence-type screens are 
employed. Screen diameters commonly employed range from 2” to 12” 
with a wide variety of color characteristics available to fit the detailed re- 
quirement of the radar system. A variety of radar presentation forms are 
employed to display most conveniently the received information for the 
specific application at hand. These display types differ primarily in the 
manner in which the radar field coordinates are presented. The deflection 
methods employed may be of an electrostatic or magnetic nature with com- 
binations of each occasionally encountered. 

The sweep circuit components of the radar receiver generate the electrical 
time wave forms necessary to display the received data properly. Here 
again the television art has supplied a technical background for these 
specialized electronic circuits. The great number of display types em- 
ployed, requiring varied wave forms, has resulted in the development of a 
myriad of specialized sweep circuits whose apparent complexity is the result 
of varied combinations of elemental electronic circuits. 

The range and time-marker circuits are required to interpret the coor- 
dinate data available to the receiver and to prepare this data for display 
in the desired form. Here again, television techniques have been employed 
and enlarged upon as the radar systems became more complex. A large 
number of specialized electronic circuit forms has resulted. 

The automatic frequency control (AFC) and automatic gain control 
(AGC) components of a radar receiver have a function not unlike those ele- 
ments found in most radio-communication systems. The automatic ad- 
justments of the tuning and gain of the radar receiver has contributed greatly 
to the successful employment of radar under practical military conditions 
and have now become practically indispensable in the art. The circuit 
designs follow, in general, the techniques previously employed in radio 
communications though it will be observed that the character of the signal 
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and the close association of the receiver and the transmitter in the radar 
system introduces some additional new considerations. 4 

The power supply components are shown divided into two types “low 
voltage” and “high voltage.” ‘This is a convenience which is desirable 
because of the different design problems encountered and the quite different 
equipment and circuits employed. The low d-c voltages required for the 
operation of the electronic components of a radar system vary from 100 
volts to 500 volts with both polarities with respect to ground often required. 
The cathode-ray tube and “keep alive” circuits of the TR tube require 
voltages from 1000 to 7000 volts usually at low current. The voltage 
regulation of these power supply components to permit stable radar system 
operation under the extreme and variable military operating conditions en- 
countered presents a problem of considerable magnitude to the radar re- 
ceiver designer. 


2. RapDAR RECEIVER COMPONENT DESIGN 
2.1 The Radar Receiver Input Circuit 


The conversion of the received microwave radar signal to a lower fre- 
quency region where more efficient amplification is possible represents an 
extremely important function of the radar receiver. The basic military 
requirement of radar, that of providing the greatest possible useful sensi- 
tivity, depends fundamentally on the efficient handling of the low-energy 
microwave received signal in the input of the radar receiver. The micro- 
wave character of the received signal and the extremely low amplitudes en- 
countered contribute to the difficulties of radar input circuit design. 

The techniques of microwave transmission available to the communica- 
tions engineer have but recently been developed and are at this time still 
extremely limited in comparison to those methods commonly employed at 
the normal radio frequencies. Even short physical connections required 
between elements in the microwave region become “electrically long,” 
matter of several wavelengths in the usual case, and here the design prob- 
lem becomes acute. Network element of inductance, capcitance, and re- 
sistance are not available in the form so efficiently employed at the lower 
frequencies. Waveguides and cavities at radar frequencies replace them, 
and the design of selective frequency networks in the microwave region 
becomes a matter of precise arrangement and control of complex mechanical 
forms. 

Suitable means for vacuum tube amplification at frequencies above 1000 
mc have not been available to date; this represents another extremely re- 
stricting situation for the radar receiver designer. 
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2.11 Input Signal Characteristics 


The low amplitude of the signal at the input terminals of the radar 
receiver requires that this signal be efficiently utilized.. The power of the 
received signal at this point under somewhat idealized free space assump- 
tions is given by the following: 
iGipat 
© 16724 
Where G = Power gain of common transmitting and receiving antenna 

P = Transmitted power of radar system 

Ae = Equivalent flat plate area of target (This represents an equiva- 
lent flat plate normal to the incident beam which reradiates 
all impinging energy) 

D = Range to the target. 

The two following sample computations are illustrative of the military 
radar system conditions: 

1. Naval Vessel Search Radar System 

Frequency = 3000 mc 

Target range = 25 nautical miles 

Target-Destroyer (Effective flat plate area = 0.03 sq meter at 3000 mc) 

(This value has been determined from a study of target response with 
military radar systems) 

Power gain of Antenna = 30 db 

Transmitter Peak Power = 100 kw 

Received Peak Power = 13 X 10“ watts 

2. Airborne Search Radar System 

Frequency = 10,000 mc 

Target Range = 70 nautical miles 

Target-Destroyer (Effective flat plate area = 0.2 sq meters 
at 10,000 mc) 

Power Gain of Antenna = 30 db 

Transmitter Peak Power = 100 kw 

Received Peak Power = 11 X 10-" watts 

A reduction of the available received signal power, as computed above, 
is to be expected in practice due to multiple path effects and absorption and 
refraction effects over the propagation path. 


Pr 


2.12 Input Circuit Noise Considerations 


While it is possible to conceive of providing sufficient gain within a radar 
receiver to meet any desired sensitivity requirement, this sensitivity cannot 
usefully be employed beyond certain limits as determined by the amplitude 
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of the noise disturbances at the input terminals of the receiver. Noise 
disturbances may be defined as the resultant unwanted interfering electrical 
energy at the point under consideration and includes contributions due to 
atmospheric disturbances, unwanted radiation from adjacent electrical 
equipment, microphonic disturbances, and noise due to vacuum tubes and 
thermal agitation. At microwave frequencies we are usually concerned 
only with the thermal agitation and tube noise contribution. Atmospheric 
disturbances at radar frequencies are negligible and microphonic and elec- 
trical interferences from adjacent electrical equipment can, by proper and 
sufficient engineering, be reduced to any desired level. 

It has been shown!:® that the thermal noise (Johnson noise) voltage which 
appears at the input terminals of a radio or radar receiver is determined by 
the value of the resistance component of the generator impedance at this 
point. For maximum transfer of signal power the load termination is re- 
quired to be equal to the internal impedance of the generator and for this 
condition the total thermal noise power delivered to the load is given by 


Py = KTB (watts) 
where: 


K = Boltzman’s constant = 1.38 X 10~** Joule/degree abs. 

T = Absolute temperature in degrees 

B = Bandwidth under consideration in cycles per second; and the signal- 
to-noise ratio is given by 


Ps aa Ps 
Py KTB 
where P, = maximum available signal power. 

If the signal generator referred to is followed by any 4-terminal network 
representative of a converter element, an amplifier, or a passive network, 
the effective signal-to-noise ratio at the output terminals of the network will 
be modified. To obtain a measure of this effect we may assign a figure of 
merit, F, to the network called the “‘noise figure” of the network and define 
this as the ratio of the available signal-to-noise ratio at the signal generator 
terminals to the available signal-to-noise ratio at the output terminal of 
the network. 

This may be written as: 


pals Ps _ _Pws 


(a numeric) 


Py Py, KTBG 


4“The Absolute Sensitivity of Radio Receivers,” D. O. North, R. C. A. Review, Vol. 
VI, January 1942. 

5“Noise Figures of Radio Receivers,” H. T. Friis, Proc. I. R. E., Vol. 32, No. 7, July 
1944. 





(a numeric) 
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where: 


Poy , by definition the “gain” of the network. 


Gee aps 


or we may write: 
Py, = FKTBG watts. 
It is common practice to express F’ in decibels given by the relation 10 logiol’. 
For the case of two generalized networks in tandem following the signal 
generator and having the same effective bandwidth we may similarly write: 


Prue = FaGoGo KTB + (Fy — 1)G,KTB 


Fe 
Ga 


where the subscripts refer to networks a and b. 
The effective noise figure of such a system is given by: 


Porton ™ (# +45 ') 


This expression indicates the importance of the gain of the first network in 
the over-all system noise performance. 

As an illustration, a noise figure of 11 db and a loss of 6 db may be con- 
sidered as acceptable performance for a typical silicon crystal converter 
operating at 3900 mc. If the following input circuit of the IF amplifier 
has an effective noise performance represented by a noise figure of 5db , the 
over-all system noise figure will be found to be 13 db. The reduction in sys- 
tem performance due to the noise contribution of the input stage of the 
IF amplifier here is approximately 2 db. If the system performance must 
be improved by increasing the power of radiation, the importance of this 
secondary noise contribution is apparent. 

A comparison of the noise figures of a point-contact crystal converter 
element and the GL-2C49 Lighthouse vacuum tube used as an amplifier 
and as a converter element is given in Fig.5. At frequencies below 1000 mc 
there is a definite advantage in employing a vacuum tube as a radio- 
frequency (RF) amplifier preceding the nonlinear clement. 





= (® + )G G, KTB watts. 





2.13 1000 MC Radio-Frequency Amplifier Design 
In the design of military radar systems for the 1000 mc operating range 


the GL-2C40 vacuum tube has been employed rather universally in con- 
verter circuits.’ The essential design features of this special purpose triode 


®“The Lighthouse Tube,” E. D. McArthur and E. F. Peterson, Proc. of National 
Electronics Conference, Vol. I, 1944. 
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are illustrated in Fig. 6. The basic advantage of the GL-2C40 tube for use 
at high frequencies is found in its construction, whereby the tube elements 
are arranged to form an integral portion of the external circuit with a mini- 
mum of mechanical disturbance. At these frequencies external coupling 
circuits of the transmission line type are usually employed. This tube 
when operated at an anode potential of 250 volts has a mutual conductance 
of approximately 6000 micromhos and an amplification factor of 35. It has 
been customary to employ one or two stages of RF amplification associated 
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Fig. 5.—Comparison of noise figures for point-contact silicon crystal rectifier and 
GL2C40 vacuum tube. 


with the nonlinear element and a beating oscillator using this same tube. 
The reduced performance of the GL-2C40 tube as a converter element as 
indicated in Fig. 5 is not of importance, if sufficient gain is provided prior to 
the actual conversion process, and the ability of this vacuum tube to operate 
at higher levels is a positive advantage. 

The electrical circuit design techniques employed in this frequency region 
are based on the use of transmission line elements in place of the more or 
less orthodox lumped element configurations at the lower frequencies. The 
difficulties experienced in practical designs of radar converters of this type 
revolve about successfully terminating and satisfactorily isolating each stage 
so that confusing and inefficient interaction effects are minimized. 
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The simplified schematic of a typical radio-frequency amplifier which 
employs a GL-2C40 vacuum tube operating at approximately 1000 mc is 
given in Fig. 7, together with an outline of the mechanical arrangement of 
the tuning elements. This amplifier is of the tuned-grid, tuned-plate type 
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Fig. 6.—Constructional Features of the GL-2C40 (Lighthouse) vacuum tube. 


of circuit where the input and output circuits consist of coaxial transmission 
line elements tuned by sliding plunger or ring elements, and is so constructed 
to include the GL-2C40 tube as an integra! part of the tuning structure. 
The input coupling to the amplifier is achieved by means of a probe extend- 
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ing into the input or grid cavity and is proportioned for operating out of a 
50-ohm impedance cable connection to the radar antenna system. The 
output coupling is obtained from a coupling loop located in the region be- 
tween the grid and plate concentric sleeves. The gain of this RF amplifier 
design is 12 db when operating at a frequency of approximately 1000 mc 
and the noise figure of this component is 14 db. 


2.14 The Radar Converter 


The basic converter is illustrated in Fig. 8 and may be defined as a device 
which has two input pairs and one output pair of terminals and is charac- 


GL-2C-40 


1t8 
















WE: is 
TS G 


tS 
eS k 








Fig. 7.—1000-me Radio Frequency Amplifier. Simplified schematic diagram. 


terized further by the property of delivering an output signal, which, in 
terms of amplitude of one of the input signals, is essentially linear but 
which has an output frequency related to the sum or difference of the two 
input frequencies. This frequency conversion is obtained by the use of an 
element which has a nonlinear voltage-current relationship and upon which 
is impressed the two input signals. The desired sum or difference frequency 
signal is then selected and utilized as the wanted signal output. 

The basic configuration of the converter shown in Fig. 8 employs a non- 
linear element with network coupling means to provide efficient transfer of 
signal power into and out of the component and a beating oscillator with its 
associated coupling network to supply the required additional input fre- 
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quency. One or more of the networks involved may, of course, be arranged 
alternatively in a parallel configuration if desired. The nonlinear element 
may be a vacuum tube with properly chosen operating conditions or a point- 
contact silicon crystal rectifier. The beating oscillator in the modern 
military radar converter employs special types of vacuum tubes such as the 
GL-2C49 type previously mentioned or the single-cavity velocity modulated 
types’ at the higher radar frequencies. 

A typical voltage-current characteristic of a point-contact silicon rectifier 
is shown in Fig. 9. This nonlinear characteristic may be expressed mathe- 
matically as a power series with coefficients whose amplitude decreases 
quite rapidly with the order of the associated term. If two sinusoidal 
voltages represented by frequency /; and /: are simultaneously impressed 
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Vig. 8.—Basic configuration of a radar converter. 


upon such a nonlinear element, the resultant current flowing in the output 
impedance will produce output signals of the form nf; + mf2 where and m 
are integers including zero. The effective amplitude of each of these modu- 
lation products is related to the magnitude of the power series coefficients. 
In the radar converter under consideration /; may represent the received 
signal frequency and f> represents the beat oscillator frequency. The 
difference terms of the above expression are of the greatest importance here 
because the desired output signal frequency has been chosen at a low value 
as compared with the input received radar signal. The selection of the 
wanted first-order difference term is accomplished by the frequency selec- 
tivity characteristics of the converter output coupling network and the 
following IF amplifier. 

A major design problem encountered in the practical development of 
microwave radar converters is one concerning the design of the coupling 
networks. The previously referred to limitations of microwave network 


7“ Reflex Oscillators,” J. R. Pierce and W. G. Shepherd, Bell System Technical Journal, 
Vol. XXVI, July 1947. 
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techniques and the difficulty in maintaining precise control of each element 
over the required band of frequencies are the fundamental problems of the 
radar converter designer. The network problem here is concerned with 
realizing the desired frequency conversion with a minimum of dissipation of 
the useful signal. This implies that coupling of the nonlinear element to 
the input and output terminals must be achieved in such a fashion that 
matched impedance conditions result for the signals in their respective fre- 
quency regions. Since the output signal has been shown to appear as a 
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Fig. 9.—Typical voltage-current characteristic of a point-contact silicon crystal 
rectifier. 


number of energy concentrations extending over a wide frequency range, it 
would appear that an efficient design of output coupling network would 
involve optimizing the impedance relationships over this wide-frequency 
band. Several factors tend to simplify this problem by restricting the out- 
put frequency band which must be considered in a practical radar converter 
design. First, the greatest amount of energy is found to be present in the 
lower order modulation products because of the rapid reduction in amplitude 
of the higher order terms in the equivalent expression for the nonlinear 
element. This results in a concentration of energy at the input, output, 
and beat oscillator frequencies and their respective second harmonic regions. 
Second, the ratio of f; to fz in a microwave radar converter is of necessity 
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essentially equal to one, this factor also contributing to a narrowing of the 
frequency regions of interest to those around the input, the beat oscillator, 
and the output values. The third factor, which is of assistance to the con- 
verter designer, is the effective separation of the input and output circuits 
by the loss of the nonlinear element. Where a vacuum tube is employed as 
the nonlinear element, the interaction of these circuits may be made quite 
negligible and, in the case of the crystal rectifier the inherent loss of this 
element, which may be of the order of 6 db and undesirable from a radar sys- 
tem performance standpoint, does simplify the converter network design. 

It has been found in practice that it is sufficient to consider the impedance 
conditions at the internal terminals of the converter networks in the fre- 
quency regions which include fi, fi — fo, fi + fe and 2f2 — fi. 
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Fig. 10.—1000-me Vacuum Tube Radar Converter. Simplified schematic diagram. 


The matter of efficient transfer of power from the local beating oscillator 
to the nonlinear element is of secondary importance generally because of the 
relatively large amount of power available. This condition is advantageous 
allowing mismatch loss in this branch to effectively minimize the unwanted 
interaction effects with input and output circuits. 

Figure 10 illustrates the schematic and certain constructional features of 
a vacuum-tube converter which has an operating frequency of approxi- 
mately 1000 mc. The similarity of circuit and mechanical arrangement to 
that of the radio-frequency amplifier unit, shown in Fig. 7, is apparent. 
In the case of the GL-2C40 converter the two input frequencies are similarly 
probe coupled to the grid-cathode circuit, maintaining optimum impedance 
conditions for the signal input and locating the beat oscillator probe so as 
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to effect an impedance mismatch and thus reduce the interaction between 
this circuit and the input circuit. The output coupling network, in this 
case operating at 60 mc, consists of an inductive impedance tuned with a 
variable condenser. The output of this converter is fed into the following 
IF amplifier by means of a 75-ohm coaxial transmission line. The loss of 
this converter unit, defined as the ratio of the power of the wanted 60-mc 
output signal to the signal power impressed upon the input terminal, is 
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Fig. 11.—Chronological development of point-contact silicon crystal rectifiers and 
associated receiver noise performance. 


approximately 6db. The noise figure of a typical unit of this type is approxi- 
mately 20 db, this value being of secondary importance since sufficient gain 
is provided in the associated radio-frequency amplifier. 

At the higher radar frequencies the noise performance characteristics of 
silicon crystal-point contact rectifiers are considerably better than that of 
vacuum tubes available during the past war years. Figure 11 outlines the 
chronological developments of these units with respect to the receiver noise 
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performance. The performance of two types of vacuum tubes are included 
for comparison purposes. The development details of the silicon crystal 
unit have been discussed elsewhere.* This development, together with the 
corresponding magnetron and reflex oscillator studies, assumes a status of 
major importance in the progress of the development of military radar equip- 
ment during World War II, allowing the designers to extend the frequency 
of operation upward with increased system performance resulting. 

It is sufficient to limit our attention to the frequency region 3000 mc and 
above in the consideration of the silicon crystal converter. It is apparent 
that the absence of suitable vacuum tube radio-frequency amplifiers in this 
region imposes a strict requirement on the efficiency of conversion of this 
component. 





Fig. 12.—3000-me Crystal Converter of an early design. 


Historically, one of the first of the microwave converters of the silicon 
crystal type, operating at 3000 mc and which was employed in military radar 
equipment, is shown in Fig. 12 together with an illustration of the mechanical 
arrangement? in Fig. 13. In this early model the silicon crystal element was 
mounted in a cartridge type unit, a method which proved quite satisfactory 
and was followed for the remainder of the war years. The input tuning 
circuit of the converter here illustrated consists of a coaxial transmission 
line element having a length of approximately three-quarters of a wave- 
length and adjustable to enable fine control of tuning. The nonlinear ele- 

‘Development of Silicon Crystal Rectifiers for Microwave Radar Receivers,’’ 
J. H. Scaff and R. S. Ohl, Bell System Technical Journal, Vol. XXVI, January 1947. 


"Microwave Converters,” C. F. Edwards, To be published in a forthcoming issue of 
Proceedings I.R.E. 
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ment is located at the high-impedance end of this transmission line, while 
the other end is essentially short-circuited at the input frequency by means 
of a small by-pass condenser element built into the IF output transmission 
line. The input line is coupled into this tuned circuit by means of a variable 
coupling probe and the local beat oscillator in turn is similarly coupled to 
the input line. The point of coupling of the beat frequency oscillator input 
is so arranged as to introduce an effective mismatch and thus provide ade- 
quate isolation of this and the input circuit. The output circuit of this con- 
verter includes the by-pass condenser previously referred to, together with 
the input transformer of the first IF amplifier stage. The average loss of a 
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Fig. 13.—3000-mc Crystal Converter. Schematic diagram. 


3000-me crystal converter of this type was 6 db and a noise figure of 11 db 
was realized. 

Another design of crystal converter which was developed during the early 
part of the war, and whose basic form was employed in many military radar 
equipments operating in the region of 10,000 mc, is shown-in Fig. 14. Here 
the silicon crystal cartridge is positioned within the waveguide with its axis 
parallel to the E vector plane and at a point approximately one-quarter of a 
wavelength from the short circuiting piston which terminates this assembly. 
The IF output is obtained from the coaxial line mounting structure shown 
which offers a low impedance to the input frequency by virtue of its equiva- 
lence to a one-half wavelength element with a short circuit at the far end. 
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The dielectric supporting rings shown form an RF by-pass element minimiz- 
ing the loss of input signal power in the IF output network. In this design 
the beating oscillator energy is introduced into the waveguide by mounting 
the reflex oscillator tubes adjacent to the waveguide in such a fashion that 
the output probe is inserted into the waveguide cavity at a point removed by 
an odd one-quarter of a wavelength from the face of the TR output iris. 
This assures reflection of the local oscillator energy which travels toward 
the TR tube directing it toward the crystal element. The degree of coupling 
of the reflex oscillator circuit is varied by adjustment of the distance that 
the probe is inserted within the waveguide. For airborne applications an 
additional oscillator tube is included for beacon reception. This basic form 


LOCAL OSC! ILLATORS 





4 COAXIAL __| 
od INPUT FILTER 





Fig. 14.—10,000-me Crystal Converter. Schematic diagram. 


of radar converter was employed in large numbers in the military airborne 
radar field during World War II. 

A third type of crystal converter design which was developed in the latter 
period of the war is illustrated in Fig. 15. A basic difference in this struc- 
ture is found in the use of a waveguide hybrid junction often referred to as a 
“magic tee.” This junction has an electrical performance characteristic 
at microwaves similar to that of the hybrid coil common to low frequency 
communication circuits, i.e., a 4-pair terminal network with an internal 
configuration such that power applied to any one pair of terminals will appear 
equally at two other pairs of terminals, but will not be available at the re- 
maining pair of terminals. Referring to Fig. 15, it should be noted that 
power applied to the input waveguide will appear equally in the output 
branches but is balanced out of the beat oscillator branch. In a similar 
fashion, the beat oscillator power will appear equally in the two output 
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branches but will not appear in the input waveguide. Certain impedance 
matching adjustments are obtained through the use of the matching rods 
positioned as shown. 

The method of insertion of the crystal cartridge into the waveguide in this 
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Fig. 15.—Balanced crystal converter employing wave-guide hybrid junction. 


design follows the scheme employed in the converter just described. How- 
ever, here two crystal elements are employed in a balanced form which 
necessitates a balanced-to-unbalanced impedance transformation of the IF 
output signal for transmission over a coaxial line to the input stage of the 
IF amplifier. The degree of balance obtainable here is necessarily a func- 
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tion of the similarity of the crystal elements as well as the other elements 
shown. In practice, no particular difficulty was experienced in maintenance 
of sufficient balance with the improved production control of crystals during 
the latter part of the war program. 

The advantages of the balanced radar converter here described are two- 
fold. First, the signal power dissipation in the beating oscillator branch is 
reduced to a minimum and conversely the beating oscillator power fed back 
into the antenna and reradiated is reduced. Second, the noise sidebands, 
which are associated with the output frequency of the reflex oscillator, are 
reduced effectively in the IF output branch by the degree of balance avail- 
able. This local oscillator noise sideband contribution is normally respon- 
sible for a definite degradation of the over-all radar receiver noise perform- 
ance and hence, the use of a balanced converter will contribute to improved 
performance. An additional advantage of the balanced converter is the 
minimizing of signal branch impedance variation effects on the beating oscil- 
lator load impedance and, therefore, its frequency. The variation of the 
antenna impedance during the scanning cycle has in this design little effect 
on the tuning of the receiver. 


2.15 The Radar Receiver Beat Oscillator 


For, microwave radar receiver purposes the selection of the local beat 
oscillator within the converter assembly has been essentially limited to two 
types of tubes, both of which were developed during the past war period. 
For radar systems operating at frequencies of 1000 mc and lower, the 
GL-2C40 lighthouse triode has served quite satisfactorily, while at fre- 
quencies above 1000 mc, the single-cavity reflex oscillator tube has been 
extensively employed. Both of these tube types have adequate power 
output and frequency stability characteristics to meet the normal radar 
system requirements. , 

Some of the desirable characteristics of a beat oscillator tube for use in 
military radar receivers can be listed as follows: 

A. At least 20 milliwatts of useful output power is desirable. In the case 
of the silicon crystal rectifier element, the applied power is limited to 
approximately 1 mw; however, the availability of additional oscillator 
power enables the converter designer to effectively isolate the beat 
oscillator and signal branches by simple inpedance mismatch means. 

B. The frequency stability of the ideal beat oscillator tube must be in- 
herently good, or convenient means to automatically control this 
frequency must be provided. The maximum allowable radar receiver 
frequency variation due to all causes is of the order of 1 mc. In terms 
of the beating oscillator frequencies employed in the radar systems of 
the past war, this represents an allowable oscillator frequency variation 
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from all causes of from 0.1% to .01%. The possible influencing fac- 
tors include temperature, atmospheric pressure, supply voltage, and 
load impedance variations with time, and mechanical shock and 
vibration. 

C. It is extremely desirable that frequency control of the beat oscillator 
be available by remote electrical means. The use of automatic tuning 
control of a military radar receiver has proved a necessity during the 
past war and, as will be discussed in a later section, the rates of change 
of frequency encountered are found to be quite great. This requires 
essentially that an electrical control method of continuously adjusting 
the beat oscillator frequency be employed to obtain satisfactory re- 
ceiver performance. 





RE FESS = / 


Fig. 16.—1000-mc Radar local beat oscillator employing GL-2C40 vacuum tube— 
gChematic diagram. 


D. It is desirable that the output of the beating oscillator tube be free 
from noise. In the usual radar system, if the output frequency of the 
beat oscillator is modulated with noise, a reduction in receiver per- 
formance will result. As previously discussed, the development of 
the balanced converter has provided the converter designer with some 
relief from this noise source and in this case this requirement assumes 
less importance. 

A beat oscillator arrangement utilizing the GL-2C40 lighthouse tube, as 
developed for a military radar system operating in the 1000 mc region, is 
indicated in Figure 16. This assembly is quite similar mechanically to the 
RF and converter components employed in this frequency region and 
described previously. The positive feedback necessary to sustain oscilla- 
tion is provided by means of a feedback coupling probe as shown. The 
oscillator output is available by means of a pick-up loop inserted into the 
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plate-grid cavity and thence to the output coaxial line. The frequency 
stability of this particular design has been quite satisfactory due to the con- 
siderable development effort expended on the mechanical design features of 
this assembly. 

Another radar receiver beating oscillator which has been extensively 
employed in military equipment designs operating at 3000 mc and higher 
during the past war period is the reflex 'velocity-modulated oscillator. The 
2K25 type, which is a typical single-cavity reflex oscillator for operation in 
the 10,000-mc region, is illustrated in Fig. 17. The general principle of 
operation is quite straightforward, but the complete theory of operation is 
exceedingly complex and has been described in detail elsewhere." A beam 
of electrons of relatively uniform velocity and density is projected from a 
cathode surface toward a cavity space defined in part by two grids and then 
toward a repeller electrode beyond. The presence of the oscillatory poten- 
tial between the two cavity grids acts to impart initial velocities to the 
electron stream in accordance with the cavity radio-frequency potentials 
existing at the time of crossing of this gap. Under certain operating condi- 
tions between these grids and the repeller electrode, which is maintained 
at a negative potential, “bunching” of electrons occur and upon the return 
of the electrons to the cavity region under the retarding influence of the 
repeller electrode, a certain amount of power may be extracted and utilized 
externally. As might be expected from this cycle of events, the optimum 
operating conditions necessary for reinforcement of oscillation within the 
cavity are related to the time required to return the electrons to the cavity 
with reference to the instantaneous oscillatory radio-frequency potential of 
the cavity. Thus, numerous modes of oscillation are found in this type of 
reflex velocity-modulated oscillator which are related to each other by 
integral numbers of periods of the oscillatory frequency and the transit time 
of the electrons. In the practical application of the reflex oscillator the 
number of useful modes are limited to perhaps two or three, the external 
power output available at the additional theoretical modes being reduced 
by dissipative conditions within the oscillatory system. The relation of 
repeller potential to the appearance of these modes is illustrated in Fig. 18 
for the case of a 2K25-type oscillator. It should be observed here that the 
frequency at the maximum power output condition for each mode is the 
same, i.e. the frequency associated with the cavity dimensions for that series 
of modes. The cavity dimensions of the reflex oscillator tube are varied 
by the application of external mechanical pressure regulated by an adjustable 
tuning strut as shown in Fig. 17. The power for external use is obtained 
from a coupling loop located within the cavity region and transmitted 
through the base by means of a coaxial lead. 


10 Pierce and Shepherd, Loc. Cit. 
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Fig. 17.—Constructional details of the type 2K25 single-cavity reflex oscillator for use 
at 10,000 mc. 
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The single-cavity velocity-modulated oscillator is admirably suited to 
electrical remote control of its oscillation frequency by means of the potential 
applied to the repeller element, thus lending itself to automatic frequency 
control in a simple manner. Figure 19 indicates the frequency and power 
output versus repeller voltage characteristic of a typical 2K25 10,000-mc 
reflex oscillator when operating at a normal mode previously shown in 
Fig. 18. It is customary to define the electronic tuning range of a reflex 
oscillator as that range of frequencies over which the power output exceeds 
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Fig. 18.—Typical output power modes vs. repeller voltage for a 2K25 type reflex 
oscillator. 





50% of the maximum power output. The tube whose characteristic is 
illustrated in Fig. 19 would accordingly have an electronic tuning range 
of 53 mc. 


216 Typical Radar Input Circuit Designs 


An example of a radar receiver input circuit operating in the 1000-mc 
frequency range is shown in its final mechanical form in Fig. 20. This 
particular design was employed in several military ground radar systems 
including the Mark-20 Searchlight Control equipment of Fig. 1, and in modi- 
fied form in several naval fire control systems. It consists of two stages 
of radio-frequency amplification, a converter stage, and a local beating 
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oscillator all of which employ the GL-2C40 lighthouse tube. This particular 
equipment example has been developed in the form of a sliding drawer to 
assure ease of maintenance but with no sacrifice in rigidity of mechanical 
assembly so necessary in this type of equipment. Further mechanical 
details of the cavity and tube structures of each component are shown in 
Fig. 21 and are generally similar to the examples previously described. 
These cavity structures are heavily silver-plated to assure good electrical 
and thermal conductivity. The problem of adequate conduction of heat 
from the GL-2C40 vacuum tube under the severe ambient temperatures 
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Fig. 19.—Power output and frequency deviation vs. repeller voltage for 2K25-type re- 
flex oscillator. 


encountered in military service is extremely important. Positive locking 
devices are provided for all adjustments in this mechanical design. 

Figure 22 indicates the schematic diagram of this design. It may be 
observed that separation filters are employed extensively to assure negligible 
interaction effects between the various stages through the common power 
supply connections. 

The over-all performance of this particular design of a radar receiver 
input circuit is as follows: 








Input Frequency 
Output Intermediate F reauleney 
Over-all Band Width. y 


Over-all Gain. ..... 18 db 
Over-all Noise Figure . 14 db 
Input Impedance... .. 50 ohms 


Output Tk Impedance.2.52eccuzactags ps yest sare Ps <1. 75 ohms 
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The above performance is representative of the limits which all manu- 
factured units are required to meet and also indicates the field performance 
which must be maintained for satisfactory military service. Under labo- 
ratory conditions and with a certain compromise of stability and ease of 





Fig. 20.—1000-me Radar receiver input circuit design, including two stages of radio 
frequency amplification, converter, and beat oscillator. 


adjustment, improved performance over the figures given here can be 
exp2cted. 

The design for manufacture of a converter assembly typical of airborne 
equipment methods is illustrated in Fig. 23. Here the equipment design 
reflects the fundamental requirement of radar equipment for aircraft—that 
of providing compact units of sufficient rigidity with a minimum of weight. 
This particular converter unit was employed in the AN/APS-4 Airborne 
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Search and Interception radar equipment shown in Fig. 3 and operates 
within the 10,0CO-mc frequency band. The automatic frequency control 








Fig. 21.—Mechanical details of cavity structures employed in 1000 mc radar receiver 
input circuit. 


circuit and two JF preamplifier stages are also included here as an integral 
part of the converter assembly. 

The schematic diagram of the converter portion of this assembly is given 
in Fig. 24. It should be observed that the basic arrangement of the crystal 
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converter is similar to a form described in a previous section. The signal in 
this example is introduced into the converter section of the waveguide 
through an iris following the TR tube. Two 2K25 reflex oscillator tubes 
are mounted upon this waveguide with their output probes extending into 
the guide proper. The crystal cartridge is located near the end of the wave- 
guide with an adjustable piston terminating the guide. A waveguide to 


As 





Fig. 22.—1000-me Radar Receiver Input Circuit. Schematic diagram, 


coaxial transforming section employs the crystal as an extension of its axial 
element with an adjustable capacitance element for tuning purposes. 

It will be observed here that a shutter is included in this design, whereby 
the crystal element can be isolated from the signal input end of the wave- 
guide. This is a most necessary device on all radar converters employing 
crystal converter elements to prevent accidental overload of the crystal. 
When the transmitter is not in operation and accordingly the TR tube “keep 
alive” is not energized, there is a possibility of subjecting the crystal element 
to signals of sufficient amplitude to destroy its characteristic. These over- 
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load signals may occur as the result of direct pick-up of an adjacent radar 
system or in certain cases atmospheric discharges. To prevent this a 
mechanical shutter is inserted into the converter which offers effective 
attenuation to any signal input. This shutter is withdrawn only if the 
proper TR “keep alive” voltage is available. 
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Fig. 23.—10,000-mc Converter and IF preamplifier assembly for AN/APS-4 airborne 
radar equipment. 


The performance characteristics of this converter and IF preamplitier 


unit is as follows: 





Radar Frequency. . 10,000 mc 
EE Frequency i.:2:2 Hand dana ens anoaahineses enter tease salons 60 mc 
Conversion Loss... 6.5 db 

4.5 db 





Noise Figure of IF Preamplifier. . Rees 

Noise Figure of Converter. ............ é 8.6 db 

Noise Figure of Converter and Preamplifier. . 11.9 db 
: 4 me 


IF Band Width............ ; 
These values are representative of the performance under conditions of 
average crystals and average IF input tubes. 
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2.2 The Radar Intermediate Frequency Amplifier 


The intermediate frequency (IF) amplifier component of the radar re- 
ceiver has as its function the selection and amplification of the received 
signal following its conversion to the intermediate frequency. The further 
conversion of the IF signal to a video form suitable for use in the display 
device is usually. included as an integral part of the IF amplifier and will, 
therefore, be considered here as an additional function of this component. 


2.21 IF Amplifier Requirements—Band Width 


The frequency-selectivity character’stic of the radar receiver is deter- 
mined effectively by the IF amplifier, since the preceding converter and 
other microwave components offer little or no selectivity. The receiver 
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Fig. 24.—Schematic diagram of 10,000-mc AN/APS-4 converter unit. 


band width required to adequately transmit the wanted signal, while restrict- 
ing the noise contributions, is an extremely important factor in the radar 
system design and represents, therefore, a basic consideration in the design 
of the IF amplifier. 

The receiver band width required to adequately transmit the basic re- 
ceived pulse information can be determined by a consideration of the fre- 
quency-energy characteristics of a radar pulse. The microwave pulse is 
created by the sudden application of a high-energy pulse to the magnetron 
microwave generator. It has been found sufficient to treat this output 
envelope as a simple rectangular pulse in band width computations. Fig- 
ure 25 indicates the amplitude, time, and frequency relationships which 
exist for an idealized rectangular radar pulse envelope. It may be observed 
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that approximately 75% of the energy contained in the idealized original 
pulse will be available after transmission through a band-pass structure of 


band width dimension of = cycles per second. A further doubling of the 
= 


band width to 2 cycles per second will increase the available energy by only 


about 15%. In the case of the practical radar-pulse envelope which usually 
is characterized by a trapezoidal form with finite rise and decay intervals, 


: , ¥ 1 ‘ 
the energy contained at frequencies outside of a — band is reduced some- 
T 


what over the idealized case illustrated in Fig. 25. 
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Fig. 25.—Amplitude-time and energy-frequency relationships for a rectangular 
radar pulse envelope. 


The signal-to-noise ratio of the radar receiver is dependent on the over-all 
receiver band width as indicated in the previous section of this paper. It 
is extremely important then to restrict the IF band width as much as pos- 
sible, consistent with adequate transmission of the signal itself. The final 
band width choice is that value where a further increase would result in a 
noise increase greater than the corresponding signal improvement and where 
a band width reduction would diminish the signal by a greater increment 
than the noise. The exact determination of the optimum radar receiver 
band width must be carried out using the final display device in making 
the signal-to-noise comparisons. If the radar system is to be employed for 
search purposes where echo presence is the primary measure of the perform- 
ance of the equipment, the optimum over-all receiver band width has been 


found to be of the order of bs cycles per second resulting in an IF ampli- 
. 


2 
fier band width of — cycles per second to adequately transmit the double- 
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sideband signal at this point. In the case of fire-control radar equipments, 
where precision range measurement is required, it is desirable to determine 
the range by reference to the leading or lagging edge of the radar received 
pulse. Here the optimum band width may be considerably greater than 
the value indicated above for a simple search system to assure a 
minimum rise time of the displayed pulse and an accordingly more precise 
determination of the position of the pulse. Additional factors which influ- 
ence the radar receiver band width value in a particular system design 
involve the frequency stability of the microwave generator and the local 
beating oscillator, the sensitivity characteristics of the automatic frequency 
control system, the frequency stability characteristics of the IF amplifier 
itself, and finally the desire to permit ease of tuning by the radar operator. 

The phase distortion introduced by the IF amplifier is of secondary in- 
terest in the case of radar systems. The faithful reproduction of all char- 
acteristics of the received radar pulse is usually not of extreme importance, 
since with few exceptions the criterion of presence is all important. The 
detailed form of the transmission characteristic is likewise not extremely 
critical, the usual ‘‘rounded” IF transmission characteristic, however, con- 
tributing somewhat to ease in tuning the radar receiver. 


Gain Characteristics 


A consideration of the converted input signal levels encountered and the 
video output level desired indicates the IF amplifier gain requirement. The 
input signal to the IF amplifier is determined by the type of converter em- 
ployed and the presence or not of radio-frequency amplification preceding 
the IF section and the absolute noise power resulting. The video level at 
the second detector must be maintained at a sufficiently high level so that 
microphonic disturbances within the remaining video components are neg- 
ligible and low enough to assure satisfactory detection without serious over- 
load effects. Undesired feedback at the IF frequency also tends to limit 
the practical gain which can be introduced into the IF amplifier. In the 
military radar systems of the past war period the usual maximum gain 
associated with the IF amplifier was of the order of 110 db with a maximum 
detector output level of approximately 1 volt rms of input circuit noise. 
The extreme variation of the level of the desired radar signal makes neces- 
sary that provision for a large gain control variation be included in the IF 
amplifier design. This gain control often involves automatic, as well as 
manual, adjustment and commonly a gain variation range of the order of 
80 db is required. 

Another consideration which enters into the IF amplifier design and is 
associated with gain features, is the behavior of the amplifier in the presence 
of extremely large radar signals or enemy “jamming” signals. Optimum 
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protection against complete “blocking” of the IF amplifier under these 
conditions involves the use of extremely small-valued filter or by-pass ele- 
ments which are associated with the grid and cathode circuits to present 
very short time constants and, accordingly, assure recovery of the amplifier 
in fractions of a microsecond after overloading by a large pulse signal. The 
gain control method is also chosen to minimize possible overloading by reduc- 
ing the gain of the amplifier at a point as far forward in the radar receiver 
chain as possible. 


Intermediate Midband Frequency 


The choice of the intermediate frequency for a radar receiver is essentially 
a compromise between the need for reduction of unwanted external inter- 
ference and noise, and the desire to realize maximum performance in terms 
of gain and noise figure. 

The tendency to employ a high IF midband value arises from a considera- 
tion of the character of the certain local beating oscillator noise sidebands. 
As mentioned previously, the noise sideband output decreases as the fre- 
quency interval from the oscillator frequency is increased and it is apparent 
that a high value for the IF will be advantageous. In the case of balanced 
converters where the oscillator noise sidebands are reduced by the circuit bal- 
ance, this factor assumes less importance. A moderately high IF is also 
advantageous in the elimination of the IF signal from the final detected video 
output which must be accomplished by the use of low-pass filters. The 
automatic frequency-control problem is somewhat simplified by the use of 
ahigh IF, The wider separation of the desired tuning point and the image 
response and the reduction of interfering TR pulse energy is a positive help 
in the performance of the automatic frequency-control circuits and will be 
discussed in detail in a later section. 

There are also a number of factors which indicate that a low value of 
midband IF may be desirable. The noise figure of the input stage of the 
IF amplifier is generally better at a low frequency, though this improvement 
tends to be quite small for the band widths employed in the military radar 
system. A more important advantage of a low IF value is found in the 
improvement of the absolute frequency stability of the IF transmission char- 
acteristic under the influence of variations of tube and circuit capacitance. 

Intermediate midband frequencies of 30 mc and 60 mc have been employed 
in the majority of military radar systems developed in the United States 
during World War II. In general, 30 mc has been employed quite exten- 
sively in naval and ground radar equipments for fire control where radar 
pulse widths of the order of one microsecond are used. For airborne radar 
equipments with the emphasis on compactness, weight, and the trend toward 
higher microwave transmission frequencies, 60 mc has proven to be an 
extremely popular intermediate frequency value. 
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The Second Detector 


The final conversion of the IF signal to a video form is accomplished by 
simple detection. This process is usually associated with the IF amplifier 
because of the relative ease by which the video signal can be transmitted to 
the following display circuits, usually physically removed from the IF ampli- 
fier, as compared with the transmission problem which exists at the inter- 
mediate frequency. 

Two types of second detector circuits which are commonly employed in 
radar receiver design are the linear diode rectifier and the plate circuit detec- 
tor, both similar in form to those employed in prewar television practice. 
Several factors must be considered in the choice of the second detector 
operating characteristic. Linear detection of the signal is desirable from 
the standpoint of realizing the greatest possible visibility of weak radar 
signals in the presence of noise of comparable amplitude. In the case of 
lobing radar signals where bearing determinations are made by comparison 
of the return signal amplitude for two bearing conditions of the antenna 
radiation, the characteristic of the second detector enters to affect the sensi- 
tivity of azimuth response in two ways. The lobing sensitivity is increased 
by the use of a square law detector, however, the presence of a “jamming” 
signal of the CW type which may be located off axis can introduce a false 
bearing indication, which is not present when a purely linear detector is 
employed. In general, the linear detector has been employed in most radar 
systems developed during the past war period. 

The detailed circuit design of the IF amplifier can be conveniently sepa- 
rated into three quite distinct parts. These include the input circuit design, 
the interstage arrangement, and the design of the second detector circuit. 


2,22 IF Amplifier Input Circuit Design 


The primary consideration in the IF amplifier input circuit design is the 
effect of this stage on the over-all receiver noise figure. As indicated pre- 
viously, this over-all receiver noise figure is dependent on the performance 
characteristics of the first or input IF amplifier stage to a degree dependent 
on the loss of the converter stage preceding it. In the military radar field, 
employing microwave frequencies of 3000 mc and greater, the crystal con- 
verter is universally employed and the over-all noise performance is deter- 
mined largely by the IF input stage. The use of high-gain pentodes in the 
IF amplifier assures that noise contributions from the following stages 
are negligible. 

Figure 26 represents an equivalent input circuit of the IF amplifier con- 
venient for discussion of the noise performance of this circuit. Here the 
noise contribution, exclusive of the signal source, is observed to be composed 
of two sources, one due to shot noise of the first IF stage referred to the grid 
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circuit and a second noise source related to active grid loading effects." 

The optimum IF amplifier input circuit design involves primarily the 
selection of impedance transformation means which results in the maximum 
over-all signal-to-noise performance for the radar receiver. It can be shown 
that this optimum value of impedance transformation is not that value which 
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Fig. 26.—Simplified equivalent input circuit of an intermediate frequency amplifier 
and noise-figure vs signal source impedance. 


maximizes the signal but rather is a condition where a definite signal mis- 
match obtains. This may be understood by an inspection of the character- 
istics of the two fictitious noise sources illustrated. The shot noise con- 
tribution of the vacuum tube employed in the input IF amplifier stage is 
here represented by the series noise generator Vr. Under conditions of 
shorted grid this is the only effective noise contribution, and this procedure 
offers a simple method for determination of the magnitude of this effect. 


11“ Considerations in the Design of a Radar IF Amplifier,” Andrew L. Hopper and 
Stewart E. Miller, Proc. I. R. E., November 1947. 
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The additional noise contribution under the condition where an impedance 
is placed in the grid circuit is shown by the noise generator Vg. This noise 
source is related to the active grid loading. The resistance Re represents 
this effective loading which is due to transit time and tubelead inductance 
effects and, therefore, has a value which is associated with the frequency of 
operation and the particular design of tube employed. At very low fre- 
quencies, Rg — ©, the shot noise effects are entirely controlling, and the 
optimum IF amplifier input grid circuit condition for minimum noise figure 
is that condition where the impedance of the signal source approaches an 
infinite impedance. As the frequency of operation is increased, Rg assumes 
a finite decreasing value and the optimum signal source impedance is given 
by the relationship illustrated in Fig. 26. It should be noted that the 
frequency values associated with the above characteristic are indicative of 
the performance of the 6AK5 pentode, one of the most satisfactory of avail- 
able tubes for this purpose. It should be observed that the input IF ampli- 
fier stage noise figure is independent of the impedance of the signal source 
providing that a perfect or lossless transformer can be employed to achieve 
the optinum impedance transformation indicated. 

The realization of proper impedance transformation characteristic in the 
radar IF amplifier input circuit is basically a network problem. The input 
grid impedance which can be maintained over the desired band of frequencies 
is limited by the total capacitance present in the grid circuit. For narrow 
IF band widths, particularly at the lower frequencies, the realizable imped- 
ance at the grid may be in excess of the active grid loading value and here 
the noise performance indicated in Fig. 26 may be realized. However, for 
wide IF band widths at normal radar IF midband values the maximum grid 
circuit impedance which can be achieved under the limitation of the grid 
circuit capacitance will be less than the value associated with the active grid 
loading and the noise figure obtained will be somewhat higher than the opti- 
mum shown. This restrictive design condition is referred to as “band width 
limited.” In modern military radar receivers this condition normally 
obtains. 

To achieve the maximum input coupling network efficiency it is extremely 
desirable to minimize all parasitic capacitances under control of the designer 
and to employ the most effective network arrangement available. The 
double-tuned transformer and autotransformer networks are commonly 
employed for this purpose. Any loss in the impedance transforming net- 
work will result in further degradation of the noise performance, since this 
loss is effective in reducing the signal energy while having no effect on the 
tube noise level. The magnitude of the impedance transformation ratio 
required in a typical radar design case for optimum noise figure is approxi- 
mately seven times, where a crystal converter of the type shown in Fig. 14 
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is employed, and the optimum grid impedance at 60 mc as shown in Fig. 26 
is approximately 3000 ohms. 

The vacuum tube employed in an input stage of an IF amplifier should 
have the following characteristics to achieve the optimum performance. 
The tube should be capable of providing sufficient gain to assure that the 
noise contribution of the following stages is negligible. The input con- 
ductance of the selected tube at the intermediate frequency should be as low 
as possible indicating generally that physical size should be small to assure 
small transit time effects and low lead inductance values. The noise output 
of the tube itself should be a minimum, this characteristic being somewhat 
controllable by proper emission characteristics. The characteristics of the 
most desirable of the vacuum tubes available to the radar receiver designer 
during the past war period for IF amplifier purposes is given in Table I. 


Tape I.—Principal Characteristics of IF Amplifier Tubes 





Interelectrode Capaci- 
tances Micromicrofarads 
Total 





Heat Plat P Nominal |—————~—————|_ Band 
Type | Bower | Curent | Congump- | Transcon: | ConurelGrid| Fine to | Merit 
ae ae Wits |Micromhos | Cathode,’ | Cathode, me 

oe F Screen goeree 

“Gia | Gad 
6AC7 2.84 10 4.7 9000 11 5 89 
6AG7 4.10 30 9.6 11000 13 7.5 85 
6AGS5 1.89 dae 3.0 5100 6.5 1.8 95 
TTA 1.10 7.5 2.3 4000 4.9 3.8 73 
6AK5 1.10 7.5 2.3 5000 3.9 2.8 117 





The development of the 6AKS pentode was the direct result of the necessity 
for improved radar IF amplifier performance, and details of this develop- 
ment and the performance of this tube have been described elsewhere.” 

The noise present in a pentode is greater than in a triode, primarily due to 
the presence of additional grid structures. Because of this fact, a number 
of attempts have been made to employ triodes in the input stage of the IF 
amplifier. To prevent oscillation due to large positive feed-back present 
through the plate-to-grid interelectrode capacitance, neutralization methods 
have been employed. For moderate IF band widths at 60 mc such experi- 
mental designs have shown an improvement in noise figure of slightly more 
than 1 db over the pentode design; however, the criticalness of the neutraliza- 
tion scheme and the difficulties in extending the performance to wider IF 
band widths has not allowed this design to be adopted extensively to 
military radar equipment during the past war period. 


12 Characteristics of Vacuum Tubes for Radar Intermediate Frequency Amplifiers,” 
G. T. Ford, Bell System Technical Journal, Vol. XXV, July 1946. 
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2.23 Interstage Circuit Design 


The design of the IF amplifier interstage circuit is basically concerned with 
achieving the greatest possible gain per stage while not compromising the 
frequency characteristic and stability, or complicating the structure to an ex- 
tent where it will be difficult to realize the designed measure of performance 
under military operating conditions. The problem can be resolved into the 
choice of the vacuum tube and the selection of an interstage coupling 
network. 

The gain of a pentode operated into a 2-terminal parallel resonant network 
which exhibits a maximum impedance R, at resonance is given by G,,R, 
under the restriction R, << R,. Ifa band width AF is defined as that 
band of frequencies where the magnitude of the impedance Z of the network 


R, 
is equal to or greater than AA it can be shown that 


es! 

IrR,C* 
The gain-band width product of an amplifier stage is a measure of perform- 
ance of the stage and serves as a criterion for tube performance if a standard 


load impedance as above is adopted. Then the band merit B, for this con- 
dition will be given by 


AF 


By = AFG, Ry = 557 Gu R) = 2, 
27 


InRiC Cc 

The band merit By of a tube has the dimensions of frequency and may be 
interpreted as the frequency at which the voltage gain of the vacuum tube is 
at unity with a plate load impedance restricted solely by the sum of the plate 
and grid tube capacitances. The ideal IF amplifier vacuum tube will 
exhibit a high band merit figure, stable operating characteristics over the 
life of the tube, uniform characteristics during the production period, small 
size for compact amplifier use and for resulting mechanical rigidity, and 
finally low-power consumption, desirable from both the power supply stand- 
point and heat dissipation considerations. The actual types of vacuum 
tubes generally employed for radar IF amplifiers during the past military 
program in order of their availability were the 6AC7, 717A, and finally the 
6AK5. The improvement in performance achieved through this succession 
of developments can be observed by reference to Table I and the band merit 
and power consumption figures for these tube types. 

Figure 27 illustrates three types of interstage coupling networks which 
have been commonly employed in radar IF amplifiers for military purposes. 
The synchronous single-tuned network design has an advantage of simplicity 
of construction and permits relatively simple realignment procedures under 
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the limited resources of military field conditions. This type of interstage 
has been employed quite widely in radar equipments designed during World 
War II. To achieve the maximum gain per stage it is necessary to restrict 
the total shunt capacitance of the interstage circuit to the unavoidable ele- 
ments due to tube and circuit arrangement. Additional capacitance con- 
tributions are avoided by the use of a variable inductance element adjustable 
through the use of movable magnetic cores to resonate the network to the 
desired midband IF value. The shunt resistance element is chosen to 
achieve the desired band width. 


SYNCHRONOUS 
SINGLE TUNED 


STAGGERED 
SINGLE TUNED 


DOUBLE 
TUNED 





Fig. 27.—Typical IF Amplifier Interstage Circuits. Simplified schematics. 


The band width required of each individual interstage circuit of a multi- 
stage amplifier of this type to meet an over-all band width requirement of 
B cycles is given by 


B= AFV2IN — 1 


where AF represents the band width of the individual interstage network, 
defined as the band over which the response is within 3 db of the midband 
IF value, and W is the number of interstage circuits employed. As the 
individual interstage band width is increased to achieve the desired over-all 
value, the gain per stage is reduced and a greater number of stages is required 
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to meet the over-all gain requirement. The over-all gain of a multistage 
amplifier employing synchronous single-tuned interstage networks is 


given by 
o, = (@YRr=IY 
as 2nCrB 


where Cy represents the total interstage shunt capacitance and B is the over- 
all band width requirement. Table II presents the individual interstage 
band widths and the maximum over-all gain obtainable for multistage IF 
amplifiers having a 5 mc over-all band width requirement. Here the use of 
the 6AKS pentode is assumed and the total interstage shunt capacitance is 
assumed to be 12 micromicrofarads. It should be observed that unavoidable 
misalignment of circuits, aging of tubes, and other such effects all tend to 
reduce the idealized computed performance under the practical military 
radar conditions and must be considered thoroughly in the design. 


TABLE II.—Intlerstage Band Width and Over-all Gain of Multistage IF Amplifiers 











Synchronous Single-Tuned Interstage Double-Tuned Interstage 
No. of Amplifier = 
Stages pinterstage, Over-all Gain pears Over-all Gain 
me me 

1 5 24 5.0 27 

2 7.8 37 6.2 47 

4 11.5 61 7.6 87 

6 14.3 | 80 8.6 125 

8 16.6 | 96 9.3 162 

10 18.7 | 110 9.8 198 





The double-tuned interstage network configuration shown in Fig. 27 is 
a somewhat more efficient circuit form than the single-tuned variety just 
discussed, and because of this improved performance has been employed to 
about the same extent as the synchronous single-tuned type during the past 
war. Its performance advantage lies in the basic fact that the transmission 
response curve for this structure has a flat-top characteristic resulting in a 
slower rate of over-all band width reduction as these circuits are cascaded. 
Theability to separate theoutput plate and the input grid circuit capacitances 
and the elimination of the plate-to-grid coupling capacitor with its additional 
parasitic capacitance to ground results in a greater gain-per-stage perform- 
ance. In this structure the resonant frequency of both primary and second- 
ary circuits corresponds to the midband IF and the conditions of equal Q 
of primary and secondary circuits and critical coupling are assumed. These 
conditions result in a smooth flat-topped response characteristic having 
optimum gain performance. The relationship between the individual inter- 
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stage band width and the over-all band width of a multistage amplifier 
employing double-tuned interstage circuits is given by 


B = AFW/4(2QU" — 1) 


which is illustrated in Table IT together with the corresponding over-all gain 
of multistage IF amplifiers of this design. 

The third type of interstage network arrangement illustrated in Fig. 27 
represents a method employed to realize improved performance of the single- 
tuned interstage network type by resonating alternate interstages at fre- 
quencies above and below the desired midband IF value. This stagger-tuned 
interstage design permits greater gain per stage together with an increased 
over-all band width for each pair of amplifier stages over that obtained with 
the synchronous single-tuned design. In the case of IF amplifiers having 
six or more stages a variation of this stagger-tuned method can be employed 
where three successive interstages are considered as a design unit and the 
individual interstage resonances are adjusted below, above, and centered at 
the midband IF respectively. To afford a measure of the improved perform- 
ance of a stagger-tuned IF amplifier we may consider the relative performance 
of a 6-stage IF amplifier of 5 mc over-all band width employing the 6AK5 
vacuum tube. An individual interstage band width of 7.2 mc and an over- 
all gain of 116 db will result from the use of stagger-tuned interstage circuits 
while reference to Table II indicates the synchronous single-tuned design 
would have an over-all gain of only 80 db while the double-tuned design 
would result in an over-all gain of 125 db. The use of a triple stagger-tuned 
design would produce a 6-stage amplifier having approximately the same 
gain performance as the double-tuned example above. 

The choice of the interstage network configuration to be employed in a 
radar IF amplifier must be made considering the circuit efficiency, the gain- 
frequency stability behavior, and with due regard for the ever-present prob- 
lem of maintenance of performance under the field conditions of modern 
warfare. From a standpoint of circuit efficiency alone, it has been shown 
that the synchronous single-tuned interstage network is decidedly inferior 
to the more complex forms, but the obvious simplicity of construction of this 
type and the possibility of adjustment and realignment with simple methods 
available in the field is a strong recommendation for its adoption in military 
radar IF amplifiers. The double-tuned circuit has a considerable advantage 
in circuit performance over the case above, but some portion of this increased 
efficiency must be sacrificed since it is impractical to construct this network 
with adjustable elements. Here the normal variations in interstage capaci- 
tance with replacement of vacuum tubes or aging effects must not be allowed 
to reduce the over-all amplifier performance below the design limit. The 
solution to this problem must be achieved by design of each interstage circuit 
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to obtain a somewhat wider band under average tube conditions so that 
under subnormal but acceptable tube conditions the over-all performance of 
the amplifier is still within requirements. The use of stagger-tuned inter- 
stage designs will also result in increased performance over the basic syn- 
chronous single-tuned variety, but the maintenance of the over-all perform- 
ance of a radar IF amplifier of this type involves relatively complex measure- 
ments not always possible under military conditions. 


2.24 Second Detector Design 


The final conversion of the IF signal to the video form, as required by the 
following radar display device, is accomplished by simple detection or recti- 
fication. For this purpose either a diode rectifier or a triode operating as 
plate circuit detector is usually employed. The second detector design 
follows the practices generally developed for television receivers prior to the 
war. The diode second detector method has the advantage of simplicity 
with no plate supply voltage being required, but the performance of such a 
detector is somewhat limited for the frequencies employed in radar systems. 
The linearity of rectification of a diode depends on maintaining a high load 
impedance relative to the internal impedance of the tube. The external 
load impedance is limited, by the presence of tube and parasitic circuit 
capacitance and the video band width required, to somewhat less than 1000 
ohms for the typical radar case. The internal impedance of the usual avail- 
able diode is of the order of several hundred ohms so that the linearity of 
detection suffers. The low value of the diode load resistance is also reflected 
in the termination of the last IF amplifier stage and affects the gain of 
this stage. 

The plate circuit detector often employed consists of a triode operated 
near plate current cutoff. Here the detector load impedance is effectively 
isolated from the plate circuit of the last IF amplifier stage. The linearity 
that can be obtained from this type of second detector is essentially the same 
as with the usual diode detector. 

The polarity of the detected video output signal may be chosen of either 
sign by proper circuit arrangement for convenience in the video amplifying 
and limiting circuits which follow. It is desirable to reduce the amplitude 
of the IF signal which appears at the output of the second detector to prevent 
overload and interference in the video amplifier following. This is accom- 
plished commonly by the inclusion of a low-pass filter of simple form in the 
output circuit of the second detector. 


2.25 Typical Component Designs 


In the military radar system design it has been observed that a maximum 
video output signal of the order of one volt of noise is desirable as a design 
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objective resulting in an over-all gain requirement of the order of 110 db. 
If the radar system employs RF amplification, the entire IF amplification 
may be provided in one unit. However, in radar systems operating above 
1000 mc it has proved advantageous to provide the total IF gain required in 
two separate amplifier sections. The IF preamplifier assembly is commonly 
designed to be mounted adjacent to the crystal converter located in the 
transmitter portion of the radar system and usually consists of two stages 
of IF amplification. The main IF amplifier is usually located at some 
distance from the preamplifier, commonly associated with the indicator 
comporiénts of the radar receiver. The main IF amplifier assembly includes 
the second detector circuit and occasionally one stage of video amplification 
is included. 

The IF preamplifier location as described above is quire desirable, elimi- 
nating the need for a long transmission line connecting the IF output circuit 
of the crystal converter to the input stage of the IF amplifier. As has been 
discussed previously, the impedance transformation employed in the IF 
input stage is chosen to realize optimum signal-to-noise performance. The 
output impedance of the crystal converter is normally of the order of 
400 ohms. To assure negligible impedance reflection losses in this circuit, 
any connecting cable employed would have to be designed to present a char- 
acteristic impedance of this order of magnitude which is inconvenient. The 
practical solution as employed in past military radar systems‘is obtained by 
locating the IF preamplifier in close proximity to the converter. The 
absence of long leads at this IF input stage is also advantageous in reducing 
the interference pickup into this low signal level point. After moderate 
amplification the output of the IF preamplifier is usually fed over a 75-ohm 
coaxial transmission line to the main IF amplifier. 

Figure 28 illustrates the converter and IF preamplifier assembly as em- 
ployed on the AN/APQ-13 and AN/APQ-7 airborne radar bombing equip- 
ments operating at 10,000 mc. The local oscillator and silicon crystal con- 
verter are arranged in a manner similar to a basic type previously described 
inthis paper. The IF output of the crystal converter is introduced directly 
into the preamplifier assembly without exposure. This preamplifier is 
arranged to offer two stages of amplification employing the 717A pentode 
and using a double-tuned input, interstage, and output network. Figure 29 . 
indicates the circuit arrangement. The gain of this IF preamplifier is 30 db 
and an IF band width of 6 mc is provided. The output transformer network , 
is arranged to operate into a 75-ohm coaxial transmission line. It should be 
observed that provision is here included to disable the preamplifier by appli- 
cation of a positive pulse to the cathode circuit of the second amplifier tube. 
This feature reduces the gain of the IF preamplifier during the short interval 
coincident with the outgoing radar pulse, which assures that the TR tube 
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“spike” which precedes conduction will be attenuated and, therefore, less 
interfering with AFC operation. Further details of this effect will be dis- 
cussed in a later section of this paper. 
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_ Fig. 28.—Converter and IF preamplifier assembly for AN/APQ-13 and AN/APQ-7 
airborne radar bombing equipments. 
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Fig. 29.—Simplified schematic diagram of IF preamplifier component of Figure 28. 


Another example of equipment design of an airborne radar converter and 
preamplifier assembly has been illustrated previously in Fig. 23. In this 
design the 6AKS tube is employed and single-tuned interstages and auto- 
transformer input and output networks are employed; however, the general 
arrangement is quite similar to the design previously described. 

The remainder of the IF amplifier gain required is of the order of 80 to 
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100 db which is usually provided in a main IF amplifier that can be located 
conveniently within the receiver indicator portion of the radar system. The 
main IF amplifier is commonly designed as a complete shielded unit, required 
by the high-gain concentration and desirable from the standpoint of allowing 
the same unit to be used in several radar systems. Three IF amplifiers are 
shown in Fig. 30 which well illustrates the technological development in this 
field during World War II. The first amplifier employing 6AC7 tubes was 
developed at the beginning of the war, has an over-all gain of 95 db with an 
approximate band width of 2 mc, and employs synchronous single-tuned 





Fig. 30.—Typical IF amplifier equipment designs for military radar applications. 


interstage networks. This design was employed extensively in early mili- 
tary radar equipments for land, sea, and air use. It has a total power con- 
sumption of 31 watts and weighs 2 pounds 4 ounces. The second amplifier 
illustrated was developed early in the war primarily for airborne search and 
interception radar systems and employs 717A pentodes with a double-tuned 
and single-tuned interstage combination of networks to produce a gain of 
85 db with an over-all band width of 4 mc. The total.power consumption is 
11 watts and the weight here has been reduced to 1 pound 14 ounces. This 
design of IF amplifier with minor modifications was employed on the major- 
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ity of airborne bombing radar equipments produced by the Western Electric 
Company during World War I. The third IF amplifier design illustrated 
was developed somewhat later in the radar program for specific application 
to the AN/APS-4 light-weight airborne search and interception radar equip- 
ment. This amplifier employs 6AK5 tubes with synchronous single-tuned 
interstage coupling networks realizing an over-all gain of 100 db for a band 
width of 2 mc. The power consumption here is 14.5 watts and the weight 
has been reduced to 9 ounces. This amplifier design has been employed in 
a number of airborne radar equipments during the later period of the 
past war. 





Fig. 31—IF amplifier design as employed in AN/APS-4 airborne radar equipment. 


Figure 31 illustrates further mechanical constructional details of the 6AK5 
amplifier described above, and the schematic circuit arrangement is given 
in Fig. 32. Five stages of amplification and a second detector of a modified 
plate circuit type is included. A positive polarity video output is obtained 
from the cathode of the second detector and a single-section video low-pass 
filter attenuates the IF signal which appears at the detector output. A 
variable gain control voltage is applied to the plate circuits of the first three 
stages of the amplifier. 

The mechanical arrangement of the components of this amplifier has been 
devised with a view to achieving optimum frequency and gain stability. 
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This equipment design features short and rigid connections and the use of 
silvered-mica button-type by-pass elements which are mechanically an- 
chored in slots cut into the chassis and soldered in place. The entire unit is 
arranged to plug into a multipin socket which supplies all power and receives 
the video signal output. The IF signal input is arranged for plug-in connec- 
tion at the opposite end of the chassis. 

The adjustable inductance elements shown are wound on forms having an 
approximate diameter of }” and the small variation in inductance required 
to compensate for circuit variations is achieved by the use of tuning screws 
as illustrated. These coils are adjusted in manufacture by a comparison 
technique employing factory standards of the same.form. The completed 
amplifier is aligned with mean capacitance tubes and all tuning screws locked 
and sealed. Sufficient design margin of gain has been included in this design 
to enable meeting the radar system gain requirements with a complete set 
of “low-limit” tubes. 


2.3 The Radar Video Amplifier 


The video amplifier of the radar receiver, which follows the IF amplifier 
and second detector, has as its function the final preparation of the received 
and detected signal for display. This process involves amplification of the 
signal in its now video form, introduction of additional cuordinate signals 
and wave forms required for proper display, and often includes modification 
of the original amplitude characteristics of the signal itself to enhance the 
presentation. The radar video signal is quite similar in many respects to the 
television video signal and the circuit technology, therefore, parallels the 
television art in many respects. Two characteristics of the radar video 
signal result, however, in somewhat less stringent demands on the radar video 
amplifier design. The lowest frequency of concern in radar video practice 
is related to the repetition rate which rarely is found to be less than 250 pps., 
while it is customary to design television systems to adequately transmit 
signals of the order of 1 cps. The requirement of faithful reproduction of the 
radar pulse shape is usually of secondary importance: the quality of presence 
alone usually sufficing to meet the radar system design objective. In certain 
fire-control radar systems, however, the radar system band width must be 
adequate to reproduce the received pulse to an exactness of the order main- 
tained in standard television practice. In general these somewhat reduced 
transmission requirements for radar purposes result in a desirable economy 
of circuit elements and power consumption. 


2.31 Gain-Frequency Considerations 


The limiting performance of a video amplifier can conveniently be evalu- 
ated by a consideration of the transmission problem at the extremities of the 
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video band of frequencies. At high frequencies the. gain-frequency char- 
acteristic of a video amplifier stage employing pentodes as illustrated in 
Fig. 33 is given by 
8m Ry 
Vi +) 
where f;; represents the frequency at which the relative gain has been reduced 


3 db over the value achieved at the video midband region. This cut-off 
frequency relationship is similar in form to that encountered in the radar IF 
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Fig. 33.—Radar video amplifier gain vs. frequency relationships. 


amplifier design previously reviewed. In the video amplifier design the 
vacuum tube band merit 8, again determines the limiting performance of the 
amplifier, but since the associated video interstage circuit elements con- 
tribute considerably to the total circuit parasitic capacitance by reason of 
their large physical size, the effective band merit of a vacuum tube for video 
purposes must be considered in terms of the total tube and circuit capaci- 
tances. The additional consideration in vacuum tube choice for radar video 
amplifiers is one of load capacity, since the output signal voltage required 
for indicator use may range upward to several hundred volts. 

In a somewhat analogous manner to the relationships discussed in the 
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design of IF amplifier interstage networks, the video amplifier performance at 
high frequencies can be improved by the use of more complex 2- and 4-termi- 
nal interstage networks. In military radar systems, however, the added 
performance realized is more than offset by the undesirability of the addi- 
tional circuit elements required and the more complex maintenance problems 
that arise, so that usually only the simple resistance-coupled interstage 
design is encountered in radar systems. 

At the low-frequency extreme of the video band the gain performance of 
the simple video amplifier is related to the product of the series interstage 
plate-grid coupling capacitance and the input resistance of the following 
grid circuit. The low-frequency cut-off of a video amplifier is again defined 
as the frequency where the gain has fallen 3 db over the value at midband 
frequencies and is given by f, = ra . The highest value of R, that can 
be employed is related to the grid current characteristics of the vacuum tube 
chosen. The use of a large value of C, is undesirable for two reasons. 
First, the interstage shunt parasitic capacitance increases as a physically 
larger condenser is employed, which results in poorer high video frequency 
performance. Second, the use of large coupling capacitances is undesirable 
from the standpoint of increase in susceptibility to blocking or paralysis in 
the presence of large signals or enemy jamming. The low-frequency gain 
response can be improved by certain proportioning of the plate, screen, and 
cathode by-pass elements also rezulting in somewhat less possibility of un- 
desirable feedback through the common power supply impedance. 

In certain military radar system designs, multistage negative feedback 
video amplifiers have been employed. Here considerably greater trans- 
mission band width may be realized with the simple interstage network 
design and an order of improvement in stability results. The feedback 
amplifier design in these cases usually involves common cathode feedback 
impedance between the first and third stages. 


2.32 Gain-Amplitude Considerations 


The use of nonlinear gain versus amplitude characteristics in a video 
amplifier is a condition peculiar to the radar system and represents a con- 
siderable departure from established television practice. The factors that 
indicate the desirability of this treatment of the signal involve the behavior 
of the amplifier under the extreme range of received radar and jamming 
signals encountered and the electro-optical characteristics of certain radar 
indicator cathode-ray tubes. 

Definite amplitude limiting of the video radar signal is commonly included 
in military radar systems. By introducing amplitude limiting at an early 
part of the video amplifier, complete amplifier paralysis is avoided when 
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extremely large overloading signals are encountered. These signals may 
represent strong radar return echoes from objects in the vicinity of the radar 
antenna or may be due to enemy jamming signals. The ability of the radar 
receiver to recover in a short time following such serious overloading is an 
extremely important design consideration. In the case of jamming signals 
of a continuous-wave or long-pulse form, their effectiveness can be minimized 
by the inclusion of a high-pass network at the input of the video amplifier. 

In the case of radar systems which employ intensity modulated displays 
of the B, C, and PPI forms the maximum useful brightness that can be 
attained is limited by “blooming,” a phenomenon in which the cathode-ray 
tube spot on the fluorescent screen undergoes a sudden defocussing when the 
brightness is increased beyond a critical value. In addition, halation effects 
are quite pronounced in these long-persistence cascade layer screens and 
contribute to an undesired masking effect when large areas of extreme bright- 
ness are encountered. In these cases it is extremely important to limit the 
maximum amplitude of the signal that can be impressed upon the indicator. 
The usual radar video amplifier includes an amplitude limiting stage located 
early in the amplifier chain whose operating conditions are such as to be 
driven to plate current cut-off by signals which exceed a preselected 
amplitude. 

The range of useful brightness of the cascade screen radar indicator is 
severely limited in comparison with the extreme amplitude range of the 
received radar signals. As has been discussed, the maximum useful bright- 
ness has been seen to be limited by halation and defocussing effects while the 
minimum brightness threshold is controlled by halation and ambient viewing 
conditions. These limitations of the viewing tube result in a criticalness 
of adjustment required of the radar operator to achieve the optimum per- 
formance of the radar system. In an effort to improve the general repro- 
duction efficiency of the military radar system, several circuit forms have 
been devised whereby the amplitude of the indicator signal is related to the 
received radar signal in a nonlinear fashion. In certain instances two paral- 
lel amplifier paths have been provided where one path operates in a normal 
fashion until overload is reached when the second transmission path, de- 
signed to properly transmit the higher amplitude signals, becomes effective, 
In this manner two relatively linear amplification regions are provided with 
a step or amplitude limiting region interposed, Such a nonlinear circuit 
arrangement has been referred to as “‘duo-tone”, indicative of the two 
reproduction regions employed. Another video nonlinear characteristic 
which was employed in a certain airborne radar bombing equipment de- 
veloped toward the end of the war was of a logarithmic form realized by a 
two-path amplifier design. In general this nonlinear treatment of the 
radar signal amplitude has proven capable of reducing the critical adjust- 
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ment which has in the past been required of the radar indicator and in this 
respect has contributed some measure of improved performance under 
military operating conditions. 


2.33 D-c Restoration Methods 


It is pertinent to examine the exact form of the video signal encountered 
at the output of the video amplifier as it exists available for indicator use. 
The presence of series coupling condensers in the video amplifier has re- 
moved the d-c component from the signal as detected and, therefore, the 
average value of the signal is zero. In this form the amplitude of the posi- 
tive and negative signal excursions are dependent on the form of the signal 
itself. If such a signal is impressed upon an indicator of the intensity 
modulated type the average brightness of the scene will remain constant, 
and the presence of several large amplitude signals will tend to drive any 
accompanying weak signals below the useful reproduction threshold and 
effectively fail to reproduce them. In the case of an A-type display where 
the video signal deflection modulates the beam, the no-signal base line will 
assume a position on the screen dependent on the video signal form. For 
these applications it is required that the d-c component be restored to the 
signal before display. In many other parts of the radar system d-c restora- 
tion is required to enable utilizing to the fullest extent the load capabilities 
of vacuum tubes under the conditions of varying duty cycles of the im- 
pressed wave forms. In sweep circuit design a considerable economy of 
power is achieved by operating the amplifier tubes at or near plate current 
cut-off for no-signal conditions. Through the medium of d-c restoration, 
the signal excursions are confined to positive regions only and then regard- 
less of the duty cycle the signal range of amplitude impressed upon the tube 
is maintained within desired limits. 

Figure 34 illustrates three circuit-forms which are employed to “re- 
insert” the d-c component of an a-c video signal. The diode restorer com- 
monly employed in radar systems is shown in Fig. 34a. The impressed 
input wave, assumed to have an average value of zero as shown, will cause 
the diode to conduct whenever the signal polarity is negative. During this 
diode conducting period the condenser C will be charged rapidly, the full 
effective negative peak signal voltage appearing across its terminals. Dur- 
ing the following positive excursion of the signal this voltage difference 
will be applied effectively in series with the signal. The time constant 
RC is chosen large with respect to the period of the signal repetition rate 
and thus maintains this additive bias for the remainder of the signal cycle. 
Since the effective time constant during the diode conducting period is 
extremely small valued, limited only by the conductive internal resistance 
of the diode itself, an extremely small negative excursion time will suffice to 
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restore the grid circuit to reference zero potential. This particular d-c 
restorer circuit form is referred to as a positive restorer, indicative of the 
final polarity of the restored signal. A simple reversal of the diode elements 
will reverse the polarity of the restored signal. 

Figure 34b illustrates the usual radar circuit form of a negative d-c 
restorer where the diode is eliminated, the normal vacuum tube grid circuit 
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Fig. 34.—Typical D-c Restorer Circuit Forms. Simplified schematic diagrams. 


serving here to fulfill this function. Here again an impressed signal form 
having an average value of zero is assumed, and a negative polarity re- 
stored signal is desired at the grid of the amplifier tube. During periods 
of positive excursions of the input signal the vacuum tube grid will conduct 
since it is normally operated at zero bias. The series condenser C is ac- 
cordingly charged relative to the positive signal peak amplitude and this 
value of potential will be additively combined with the signal during nega- 
tive excursions in a similar manner to the diode restorer action just de- 
scribed. 

A third form of d-c restoration is known as a clamper or synchronized 
d-c restorer and is illustrated in Fig. 34c. Here a diode bridge circuit 
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is arranged to be normally nonconductive except during the application of 
a clamping pulse bias introduced as shown. During this clamping interval, 
the grid circuit point of the condenser is re-established to reference poten- 
tial by the low impedance of the conducting diode circuit. At the time of 
decay of the clamping pulse wave forms the operation of this circuit follows 
the principles of the d-c restorer types just described. This circuit has 
been employed less extensively than the preceding simple d-c restorer 
methods because of the relatively more complex arrangement, but has an 
advantage in that the impressed signal may be clamped to a convenient 
reference potential at any particular repetitive point in the cycle. 


2.34 Typical Radar Receiver Video Amplifier Circuits 


The radar receiver video amplifier signal output is required to modulate 
the indicator by either position or intensity change. In the A type of 
display the video signal is usually impressed upon a pair of vertical de- 
flection plates of an electrostatic type of cathode-ray tube to present the 
amplitude characteristics of the signal while the range to the target is 
displayed as the horizontal coordinate. The maximum video signal am- 
plitude required here to deflect the beam satisfactorily is usually of the order 
of several hundreds of volts. In the case of B, C, and PPI forms of display 
the radar video signal is required to intensity modulate the cathode-ray 
tube. Here a maximum video signal amplitude of 50 volts is commonly re- 
quired by the radar indicator.” 

In certain military radar system applications it is desirable to locate the 
indicator component at some distance from the main radar receiver and 
video amplifier assemblies. This requirement is commonly encountered 
in large naval vessel installations where the main radar components may be 
located below deck and the indicator mounted as a part of the gun pointing 
mechanism. In such cases video amplifier designs employing video trans- 
former coupling between the output amplifier stage and a coaxial trans- 
mission line and between the line and the indicator circuit proper, have 
proven to be entirely successful. 

The development of video pulse transformers for radar purposes repre- 
sents a considerable advance in the art of communication transformer de- 
sign. The greatly improved wide frequency band performance of these 
components is the result of the employment of improved magnetic core 
materials such as supermalloy having relative permeabilities upward of four 
times that available in the permalloy materials, improved techniques of 
coil winding distribution, and the use of additional network elements in the 
final configuration. Figure 35 illustrates the constructional features of 
such a video pulse output transformer which has a band width extending 
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from 100 cycles to 7 megacycles as employed in a naval fire-control radar 
equipment. 





Fig. 35.—Typical designs of radar receiver video frequency transformers. 
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Fig. 36.—Simplified schematic diagram of video amplifiers as employed in AN/APQ-7 
airborne radar equipment. 


Figure 36 illustrates a video amplifier circuit arrangement as developed 
for the AN/APQ-7 radar bombing equipment during the latter period of 
the past war. This system employed two GPI type indicators, one of 
which was located at a remote station of the aircraft and included also an 
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A-type indicator which was employed for certain conveniences in operation 
and maintenance of the equipment. This circuit design includes a main 
video amplifier for the ground plan indication and a separate amplifier for 
the A-type display, both of which are of the negative feedback type. The 
limiting amplifier is included as the second stage with negative d-c restora- 
tion included in this grid circuit and diode d-c restoration at the grid of the 
last stage. To provide sufficient output signal level with the wide video 
band width required it was necessary to employ two 6AG7 tubes in parallel 
in the final output stage of the main video amplifier. The local indicator is 
fed from the plate circuit while the remote navigator’s display is fed by 
means of a low impedance coaxial transmission line. The video gain control 
is essentially an adjustment of the video amplitude limiting level, the actual 
signal amplitude being previously adjusted by the IF amplifier gain control. 
The over-all gain of the main video amplifier is approximately 32 db with a 
band width of approximately 5 mc. The over-all gain of the A-type display 
amplifier circuit is approximately 43 db with a useful band width of ap- 
proximately 6 mc. 


2.4 The Radar Indicator 


The radar indicator assumes a position of extreme importance in the 
components of the radar receiver. Here with a few specific exceptions all 
of the electrical information which has been obtained regarding the area 
under observation is finally correlated and converted into an optical display 
for use by the radar observer. In the discussion thus far, only the received 
radar microwave signal properly selected, amplified, and finally converted 
to the video form has been discussed in detail. The preparation of the addi- 
tional coordinate and reference data necessary to properly present the com- 
plete scene is reviewed in the following sections. In this section the charac- 
teristics of the presentation will be reviewed from the standpoint of the 
requirements imposed by the various radar applications. The electro- 
optical characteristics of the display device are also discussed. 


2.41 Classification of Radar Display Types 


The number and types of display methods which have been developed for 
military radar systems during World War II are the result of the varied 
specific applications to which radar has been subjected. These types of 
displays are in general related directly to the functional classification of 
military radar systems previously discussed. It is of interest to consider 
at this time the various types of indicators which have become common in 
the radar field. Figure 37 illustrates the basic characteristics of the most 
important types of radar presentations. 

Basically the three coordinates which determine the position of the target 
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in space and which are determinable from a single radar observation loca- 
tion are the range to the target, azimuth angle with respect to a chosen 
direction axis, and elevation angle as measured from a convenient reference 
plane. The classification of radar displays shown in Fig. 37 results from the 
fact that the only available and convenient display device has the property 
of resolving only two such coordinates simultaneously. The radar display 
problem is then one of selecting the most important two coordinates for the 
specific radar application and choosing the presentation means accordingly. 
For example, if the radar system under consideration is to be employed on a 
surface naval vessel against similar naval vessel targets, it follows that 
elevation angle radar information is redundant and, therefore, type-A or B 
display patterns are quite satisfactory and are in fact the typical presenta- 
tions which have been universally employed for surface target fire-control 
applications. The basic A-type indicator presents range-only data, but 
for fire-control purposes a modified form is often employed with lobe switch- 
ing by which accurate training of the radar antenna is possible and bearing 
information is thus secondarily obtained. 

For airborne radar search and bombing applications the presentation is 
concerned with targets, one coordinate of which is known by other than radar 
means. Since all targets of interest are in this case located on the ground 
plane, the relative location of which is determinable by reference to the al- 
timeter and a gyroscopic artificial horizon within the aircraft, it is sufficient 
here to present all information as a 2-dimensional map. The presence of 
targets and to some extent their composition is observable as an intensity 
modulation of the field of view. For this type of application the PPI or its 
more exact successor the GP1 form of presentation is extensively employed. 

For military radar applications where fire-control information is desired 
pertaining to targets which are not confined to a definite plane all three de- 
terminable coordinates must be known and, therefore, presented to the radar 
observer. In certain instances this requirement has been fulfilled by the 
use of multiple displays each presenting the information regarding one or 
two coordinates and in cases where gun training is accomplished through 
separate operators for each coordinate axis, range, bearing, and elevation, 
this method has proven entirely satisfactory. During World War II the 
fast moving and highly maneuverable aircraft target has required a more 
direct and, therefore, faster system of gun pointing. In these cases, the 
operator has been provided with a display which electronically duplicates a 
sighting telescope and which merely requires the operator to position the 
gun (and associated radar antenna) until the target image is centered. To 
introduce a measure of range to the target the size or form of the target 
“spot” is often varied in accordance with the range data. For defense 
against low-level aircraft attacks this admittedly crude range information 
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has proven quite satisfactory. Similar presentation methods developed 
for airborne aircraft interception radar equipments have employed, in 
addition, separate instruments to notify the pilot or gunner at the time when 
the range to the target was proper for firing of the guns. Another variation 
in method of obtaining accurate range information simultaneous with the 
elevation and azimuth data is through the employment of automatic range 
tracking. In this case after identification and selection of the target has 
been made and the initial coincidence accomplished, the operator is then free 
to track in elevation and azimuth with the automatic tracking device con- 
tinuing to furnish the changing range data to the gun. 

Figure 37 indicates the fact that included in these display forms are varia- 
tions which are a function of the deflection coordinates peculiar to the display 
device itself. The factors which determine this choice are related to the 
required form of the presentation from the standpoint of military use, the 
characteristics of the particular display device available and the mechanical 
form of the antenna scanning system. 

It should be observed that a number of minor variations in the exact 
presentation is available to the radar system designer within the general 
classification indicated in Fig. 37. As mentioned previously, the A-type 
display may be modified to indicate azimuthal pointing errors. In this case, 
sometimes referred to as a K-type display, the radar system employs an 
antenna capable of producing two beams of radiation, available one at a 
time, with azimuthal bearings differing by the order of the beam width. 
Two signals, each of which is associated with one position of the radiated 
beam, are displayed in the basic A-type form with one slightly displaced in 
the range coordinate with respect to the other. By “steering” the antenna 
until the amplitude response of the desired target appears equal for each 
image, the target bearing is determined as the direction line bisecting the 
two antenna lobes. 

It is often desirable to limit the display to a small area or to a small se- 
lected range interval to enable magnification of this particular portion of the 
scene. The accurate measurement of range for fire-control purposes can 
be accomplished on a conveniently small indicator screen by expanding only 
a selected small range interval of interest. The loss of information at other 
ranges under these conditions is unimportant. In certain airborne appli- 
cations it is desirable to present large area information for navigational 
purposes, but at the time of starting the radar bombing attack the area of 
interest is limited to a narrow sector extending outward from the plane in 
the direction of the attack. Here a selected sector may be expanded with a 
probable increase in accuracy of individual target identification and final 
bombing accuracy. 

In the “range only” classification of Fig. 37 the J-type of display has an 
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advantage of expansion of the range information by a factor of approxi- 
mately three times for the same size screen. The A and J types are em- 
ployed extensively in fire-control radar equipments. 

In the range versus azimuth class of radar presentations the B scan his- 
torically preceded the other forms shown. Its application was found 
originally in airborne radar systems for interception purposes. It was com- 
monly employed in conjunction with an auxiliary C-type indicator for 
target elevation determination. The B type of display suffers from a dis- 
tortion due to the reproduction of polar coordinate information directly 
on a rectangular coordinate field. This particular form of distortion is not 
of major importance where only a few isolated aircraft targets are to be dis- 
played, and in the case of guiding an aircraft to intercept the target the 
relative expansion of the azimuth scale at short ranges may be a slight 
advantage. When the B type of presentation is employed for navigation 
and observation of ground features this inherent field distortion becomes 
very objectionable when map comparisons of the radar image are required. 
The B type of display has also been employed extensively on narrow 
sector rapid scanning naval fire-control radar systems. 

The plan position indicator (PPI) type of display was developed to over- 
come the objectionable distortion of the B-type display and to afford a 
method of presenting a 360° azimuthal pattern when rotating antenna struc- 
tures were employed. This form of display essentially replaced the B-type 
display for aircraft search radar systems and has been since universally 
employed for ground and naval vessel search systems. Here the linear range 
trace on the screen is directed outward from the center of the tube, its 
radial position being synchronized with the instantaneous bearing of the 
scanning antenna: The map presentation is exact for ground and naval 
vessel radar locations and for low-flying aircraft radar systems the dis- 
tortion is negligible, since the slant radar range to the target at low altitudes 
is essentially comparable to the range as measured on the ground plane. As 
the altitude of a radar equipped aircraft is increased, the map distortion of 
the simple form of PPI display also becomes quite objectionable and several 
modified forms of this display can be employed to improve the presentation. 
One of these involves delaying the time of start of the linear range sweep by 
a time interval corresponding to the propagation time of the radar pulse to 
the ground and return. In this manner a simple but desirable improve- 
ment in display is realized. As the military requirements during the later 
period of the past war became more exacting with the emphasis on high- 
altitude radar bombing, the remaining distortion of the delayed PPI presen- 
tation was found undesirable, and the necessity for accurate map display 
directly beneath the aircraft resulted in the development of the ground plan 
indicator (GPI). In this type of display the range trace is deflected as a 
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nonlinear function .of time; its exact time function being dependent on the 
altitude of the aircraft. The altitude information is obtained from the air- 
craft altimeter and may be manually or automatically introduced into the 
radar receiver to produce the proper form of sweep function. These modi- 
fied forms of PPI presentation were employed extensively in the large bomb- 
ing through overcast radar program which attained a status of major 
importance toward the later portion of World War II. 

The elevation versus azimuth classification of display forms is essentially - 
restricted to fire-control and aircraft interception radar applications. As 
previously noted, the C-type display was developed early in the military 
radar program and has somewhat the same characteristics as the B scan in 
terms of the distortion which results in the display of polar coordinate data 
in a rectangular coordinate field without proper mathematical conversion. 
In the case of aircraft interception radar applications, this type of display 
is quite satisfactory and has been employed quite extensively for this 
purpose. 

The moving spot (MS) form of radar display is usually associated with 
a radar system in which conical scanning or lobing is employed. Here the 
source of radiation of the antenna is arranged and rotated so as to provide 
a beam whose path describes a cone. If the target is located on the axis of 
this cone of radiation the signal response will be essentially constant for all 
instantaneous positions of the beam. If the target is positioned to one side 
of the cone’s axis the received radar signal will be modulated at the fre- 
quency of the conical scanning process and the degree of modulation will be 
related to the angle between the conical axis and the bearing toward the 
target. This modulation information is utilized within the radar receiver 
to position an optical image on the face of the indicator screen in accordance 
with the direction of the target. In radar systems employing this form of 
indication the observer positions his radar antenna, and accordingly the 
associated weapon, to center the target image on the indicator. Mechanical 
or electronic cross hairs are employed as the reference axis. A measure of 
range to target information is often introduced into this form of display 
by assigning an arbitrary but distinctive size or shape to the target spot 
which can be varied in accordance with the range to the target being ob- 
served. 


2.42 The Cathode-Ray Tube 


The cathode-ray tube is without serious competition as the ideal radar 
indicator, primarily because of its unique high-frequency electro-optical 
response characteristic. Since the radar presentation requirements are not 
unlike those encountered in television practice, it is natural that the cathode- 
ray tube development for radar purposes should have progressed along simi- 
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lar lines originally established by prewar television. Two general types of 
cathode-ray tubes have been commonly employed in the military radar 
program, electrostatic and magnetic, these classifications being indicative of 
the deflection and focussing method employed. 


Electrostatic Deflection Type 


A typical form of electrostatic-type of cathode-ray tube suitable for radar 
‘indicator purposes is shown in Fig. 38. In this tube type the electrons 
emitted from an indirectly heated cathode surface are initially formed into 
a beam by passage through an aperture which serves as a beam density or 
ultimate brightness control element. Following this, the electrons proceed 
through another aperture which is maintained at a positive potential with 
respect to the cathode. This first anode together with the following second 
anode forms an electron lens system which focuses the beam on the fluores- 
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Fig. 38.—Schematic diagram of an electrostatic type cathode-ray tube. 


cent screen surface. The relative potentials of these elements serve to 
enable focussing of the beam by electrical means. The deflection of the 
beam for scanning purposes is here accomplished by the introduction of an 
electric field formed by the application of potential across the deflection 
plates shown. ‘Two pairs of plates enable separate horizontal and vertical 
deflection to be employed. The plates are formed as shown to enable ob- 
taining the maximum deflection per unit of electrical potential applied with- 
out interference with the beam under large deflection conditions. The 
high-voltage auxiliary anode is provided in certain tube types to further 
accelerate the beam after deflection without an appreciable reduction of 
deflection sensitivity and results in an image of increased brightness. 

To realize optimum performance of an electrostatic-type cathode-ray 
tube several precautions must be observed. Serious defocussing of the beam 
as it is deflected will result if the average potential of the pair of deflection, 
plates is allowed to vary substantially from the value present at the second 
anode. To minimize this effect, balanced sweep deflection amplifiers are 
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commonly employed in radar receivers employing electrostatic deflection, 
and the second anode is maintained at the average potential of these de- 
flection plates. Astigmatism, the selective focussing in one direction on the 
screen at the expense of focus in the other, results from the mechanical 
limitations whereby the electric fields of the two pairs of deflection plates 
cannot be made effective at the same point within the tube. Some im- 
provement can be realized in this respect by operating the pairs of deflecting 
plates at slightly different average potentials. 

The limitation in deflection response at high frequencies is a function 
of the total deflection circuit capacitance. To eliminate the blocking con- 
densers with their considerable parasitic capacitance to ground it is common 
radar indicator practice to operate the deflection plates directly from the 
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Fig. 39.—Schematic diagram of a magnetic type cathode-ray ‘tube. 


plates of the sweep amplifier tubes and then accordingly operate the cathode 
of the cathode-ray tube at a high negative potential. 


Magnetic Deflection Type 


A typical form of a magnetic-type cathode-ray tube is illustrated in Fig. 
39. In this tube the electron gun structure comprises a heater, cathode, 
control grid, and second or screen grid which, together with the second 
anode, usually formed by an aquadag coating within the glass envelope and 
which is maintained at a high positive potential, roughly delineates the 
beam. The second grid in this case serves to shield the control grid from 
the high potential second anode and results in an improved control grid 
characteristic. The beam of electrons is focussed through the use of a mag- 
netic field located as shown in Fig. 39, and produced by direct current flow 
through a coil or by a permanent magnet structure. The centering of the 
beam upon the screen under no deflection conditions is accomplished by the 
use of a distorting field commonly introduced as a part of the deflection coil 
and focussing assembly. ‘The deflection of the beam for a rectangular coor- 
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dinate display system is here accomplished by magnetic deflection fields 
perpendicularly disposed and produced by a pair of deflection coils located 
at the junction of the neck and bulb as shown. In the polar form of dis- 
play (PPI) usually only one deflection coil is employed for the production 
of the radial sweep, the angular deflection being produced by rotation of this 
coil about the neck of the cathode-ray tube in synchronism with the rotation 
of the antenna. 

It is of interest to compare the relative characteristics of the electrostatic 
and the magnetic-type of cathode-ray tubes from the standpoint of their 
application to radar indicators. The electrostatic-type of cathode-ray 
tube has a distinct advantage of lighter total weight for the tube itself and 
the associated deflection circuits required, which in the case of airborne 
radar equipment design is an important factor in its favor. In general, it 
is desirable to present a large radar display field. For the larger diameter 
cathode-ray tubes the magnetic-type tube has an advantage of shorter 
over-all length which has proven an important equipment design factor for 
airborne radar equipment where the available operating space is severely 
limited. The magnetic-type cathode-ray tube requires weighty focussing 
and deflecting assemblies and large power supplies to furnish the heavy 
deflection current required, but because of the higher anode voltages which 
may be employed here, the screen brightness achieved is considerably greater 
than that available in the usual electrostatic type of cathode-ray tube. If 
the anode potential of an electrostatic type of cathode-ray tube is increased 
and hence the screen brightness, the deflection sensitivity is seriously im- 
paired and a difficult deflection amplifier design results. From a deflection 
point of view, it is possible to achieve somewhat better performance in re- 
producing extremely high-speed sweeps by employing an electrostatic-type 
of indicator which has somewhat less serious parasitic elements which act 
to limit the high-frequency response. The final choice of type of cathode- 
ray tube for the radar indicator is dependent on the specific detailed con- 
siderations of the system in hand. No general and fast rules governing this 
decision are evident. 


Characteristics of the Fluorescent Screen 


The fluorescent screen of the cathode-ray tube upon which the final radar 
information is converted into the desired visual form consists of a deposit 
of certain materials which exhibits fluorescence when bombarded with a 
high-velocity electron stream. Phosphorescence, the continued emission 
of visible light after bombardment has ceased, is also a property of all of 
these screen materials. These screen materials, referred to as “‘phosphors”, 
have characteristics dependent on their physical form as well as their chem- 
ical composition. 
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Two general types of phosphors have been commonly employed in military 
radar systems classified according to their phosphorescence characteristics. 
The medium persistence class of phosphors exhibit decay times of the order 
of milliseconds and are composed of a single layer of Willemite (zinc ortho- 
silicate). This type of screen exhibits a green luminous response and is 
employed extensively in reproducing high-speed wave forms such as encoun- 
tered in high-speed scanning systems, and for general A-type presentation 
purposes. The visible light output decays to the order of 1% of its initial 
value in approximately 50 milliseconds after electron excitation ceases. 
For photographic purposes other phosphor compositions of the same per- 
sistence class whose useful light output has a higher actinic value are com- 
monly employed. 

The long-persistence phosphors are composed of two layers of screen mate- 
rial which combination exhibits sustained phosphorescence, the visible light 
output decaying very slowly after cessation of bombardment. The double 
layer or cascade screen consists of an innermost layer subject to the direct 
influence of the electron stream which is composed of a silver activated zinc 
sulphide and a second layer adjacent to the glass envelope which consists of 
copper activated zinc cadmium sulphide. The first-named material 
fluoresces with an extremely brilliant blue light under bombardment and 
exhibits a rather rapid decay characteristic. The second layer is in turn 
excited by the blue radiation from the first layer and responds with a yellow 
visible emission which persists for a matter of several seconds after excita- 
tion ceases. The initial blue flash is appreciably absorbed by the second 
phosphor layer, but usually further optical attenuation is required to prevent 
eyestrain and degradation of night vision of the observer. This is commonly 
provided by the use of an amber optical filter placed over the screen face. 
The long-persistence characteristics available in this type of tube have 
proven invaluable in military radar systems which feature slow antenna 
scanning. In many of these systems the time between successive scans of 
the target may be of the order of a second or more and only through the use 
of the cascade-type long-persistence tube can the image be retained for this 
period of nonexcitation. Another property of the long persistence class of 
cathode-ray tube screens which is of advantage for radar purposes is an 
accumulative increase in brightness with successive scans of the target. 
Since the target image is usually repetitive as regards position on the screen, 
the image brightness will increase with successive scans while because of the 
random character of noise no such increase in noise image will result, and a 
small but evident signal-to-noise improvement obtains. The long-persist- 
ence type of screen characteristic is employed in the majority of military 
radar indicators of the B, C, and PPI-types. 

Another general characteristic of the cathode-ray tube screen which influ-. 
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ences the over-all system performance is the range of useful brightness avail- 
able. The extreme variation in the radar response of targets in an area 
under observation has been discussed previously. The inability of the 
cathode-ray tube screen to convert this extreme range of electrical signals to 
a correspondingly large optical brightness range has been a restriction on 
the performance of military radar systems. Isolated measurements of the 
useful brightness range available in a cascade screen cathode-ray tube indi- 
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Fig. 40.—Typical magnetic focus and deflection coil designs as developed for military 
radar purposes. 


cates that it is of the order of 10 to1. The development of the logarithmic 
video amplifier and ‘“duo-tone” is an attempt to improve this situation. 
In general this limited useful brightness range of the radar indicator results 
in a critical adjustment of the operating region of the indicator tube. In a 
practical military radar system operating under wartime conditions the 
inclusion of such a critical adjustment always effectively results in a reduc- 
tion of performance from the optimum achieved in the laboratory. 


2.43 Typical Radar Indicator Component Designs 


Figure 40 illustrates a few typical component designs of magnetic deflec- 
tion and focus coil structures developed for specific military radar applica- 
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tions during the past war. The deflection coils illustrated include both air 
and permalloy core structures as used in rectangular and polar types of 
displays. Where the radar system involves extremely short time interval 
sweep wave forms, the maximum inductance which can be employed in the 
deflection coil is limited by the power supply voltages available, and in these 
indicator designs the air-core type of deflecting coil is usually employed. 
Where the sweep wave form is relatively slower the permalloy core types 
have been extensively employed with an effective improvement in deflection 
sensitivity. For the PPI form of display a toroidal coil structure has been 
devised which contains two distributed windings connected in an opposing 
sense. The internal leakage flux of such a structure is essentially uniform 
and, therefore, satisfactory for magnetic cathode-ray deflection purposes. 
The usual PPI type coil structure is arranged to mount within a large ring 
ball bearing to enable rotation around the neck of the tube with provisions 
being included on the coil housing for slip rings to afford connection to the 
deflection coil proper. 

With the increased emphasis on extremely accurate radar presentations, 
which developed during the later war years especially in connection with the 
radar bombing program, the design and manufacturing tolerances allowable 
in connection with the large scale production of these magnetic deflection 
coils were severely reduced. Figure 41 illustrates the constructional details 
of a deflection coil as employed in the AN/APQ-7 radar bombing equipment. 
The presentation in this instance is of the GPI type employing rectangular 
coordinate deflection and extremely fast sweep wave forms. This deflection 
coil structure employs accurately formed open air-core windings which are 
initially adjusted and cemented to concentric phenol plastic cylinder forms. 
This design features a vernier rotation adjustment of the horizontal and 
vertical pairs of coil assemblies to meet a manufacturing scanning require- 
ment of 90° = 0.5°. 

Two examples of focussing and centering structures for’ magnetic-type 
cathode-ray tube radar indicators are included in Figure 40. The focus coil 
consists of a simple winding located axially about the neck of the tube with a 
shielding magnetic stmucture containing an annular air-gap which restricts 
the external field to a region including the cathode-ray tube electron beam. 
This structure is designed to produce a uniform magnetic field distribution 
in the complete area of the beam to avoid defocussing effects. In certain 
early-design airborne radar equipment applications where the equipment 
was subjected to extreme variations in ambient temperature over short 
periods of operation some difficulty in maintaining optimum focus was 
experienced. This defocussing, due to the change in coil resistance with 
ambient temperature and in part to dissipation in the winding proper, is 
minimized in the designs shown by the introduction of a varistor element 
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mounted jin close proximity to the winding whose resistance temperature 
characteristic was chosen to compensate for similar characteristics of the 
winding proper. The beam centering structure included in the designs 
shown employs two pairs of coils arranged upon a closed magnetic core 
structure adjacent to the focus winding. The perpendicularly disposed 
magnetic fields are produced by direct current in the same fashion as dis- 
cussed in connection with the deflection coil assembly. 

Figure 42 illustrates the operation of a permanent magnet type of focus- 
sing and centering structure developed during the war and which was em- 





Fig. 41.—Constructional details—deflection coil design for AN/APQ-7 radar bombing 
equipment. 
ployed extensively in airborne radar applications. Here a permanent ring 
magnet is equipped with a variable internal mechanical magnetic shunt 
whereby the focussing magnet field can be varied as shown. The centering 
of the beam is accomplished by means of a centering ring located as shown 
capable of being mechanically controlled along two perpendicular paths. 
Mechanical linkage arrangements provide location of the focus and center- 
ing adjustment controls on the indicator panel convenient to the operator. 
The permanent magnet type structure has the advantage of maintenance of 
proper focus and centering under conditions of extreme variations in ambient 
temperature. Similar permanent magnetic type structures have been em- 
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ployed to permanently deflect the beam for off-center displays such as the 
B-type and certain modified sector scanning PPI forms. Here the ampli- 
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Fig. 42.—Operational diagram of permanent magnet type of focussing and centering 
structure for radar indicator. 


tude of deflection required is approximately equal to the radius of the screen 
and this precludes the use of the usual beam centering structure located near 
the gun structure portion of the neck of the tube. To prevent physical 
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interference by the neck of the tube with the deflected beam such off-center 
display deflecting structures are mounted close to the junction of the neck 
and bulb of the cathode-ray tube. 

As indicated previously the blue-flash characteristic of the excitation of 
the first layer of the cascade-type screen is usually reduced in intensity 
through the use of an optical filter placed between the screen of the cathode- 
ray tube and the observer. These optical screens are usually constructed of 
an amber-colored transparent plastic whose particular optical transmission 
characteristics are chosen in accordance with the particular phosphor and 
speed of scanning employed. It is common practice to engrave general 
range and direction reference lines on such screens, and in many cases 
variable edge lighting of these engraved screens is employed to enhance the 
display. 

In certain applications of radar, namely, airborne reconnaissance and 
bombing operations, it is desirable to obtain a photographic record of the 
display to be used for training, briefing, or damage assessment purposes. It 
is customary in these cases to employ a stop-frame moving picture camera 
attached to the indicator and exposed periodically as desired. Figure 43 
indicates the design of a radar indicator viewing attachment which was 
employed in connection with an airborne bombing radar equipment toward 
the end of the past war. In this design a partially silvered mirror’is located 
at a 45° angle with respect to the axis of the cathode-ray tube. An illumi- 
nated image of an adjustable course marker located below the mirror is 
observed superimposed upon the radar presentation with negligible parallax 
distortion. A portion of the light of the radar image is also reflected from 
the surface of the partially silvered mirror, and together with the direct 
image of the course marker is available for photographic recording by the 
camera mounted as shown. Automatic exposure at any preselected time 
interval is provided, the exact’ exposure time being controlled by impulses 
derived from the azimuthal scanning mechanism of the radar antenna. The 
photographic recording of radar displays has become a matter of prime im- 
portance in the modern military operations and has added another consid- 
eration for the military radar indicator designer. 

Figure 44 indicates an equipment arrangement of a PPI indicator as 
employed in the AN/APQ-13 radar bombing system. In this system the 
indicator is designed for convenient overhead mounting in the restricted 
radar operating space available in modern bombing aircraft. The deflection 
coil in this equipment is rotated about the neck of the 5” diameter long- 
persistence cathode-ray tube by a geared selsyn motor energized from a 
similar selsyn unit mechanically linked to the rotating radar antenna. Per- 
manent magnet focussing and centering is employed in this particular indi- 
cator. Figure 45 illustrates a somewhat similar packaging arrangement for 
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Fig. 43.—Mechanical arrangement of a radar indicator viewing and photographic 
attachment for AN/APQ-7 radar bombing equipment. 
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Fig. 44.—Indicator design for AN/APQ-13 radar bombing equipment. 
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an airborne radar low-altitude bombing equipment as employed extensively 
during the past war. Here the display employed is of the B variety utilizing 
a 5” long-persistence cathode-ray tube. The focussing and centering 
magnetic fields here are produced by coils located as shown. The azimuth 
sweep voltage is obtained by means of a potentiometer mechanically geared 
to the sector scanning antenna. The permanent off axis deflection of the 
zero range line of the B display is here obtained by the use of a permanent 
magnet yoke mounted at the junction of the neck and bulb of the cathode- 
ray tube. 

Figure 46 illustrates a typical form of an A-type indicator as developed 
for the SH Naval and Mark 16 mobile fire-control radar equipments. This 
unit includes provision for receiver tuning and video limiting adjustment 
convenient to the observer. The SH and Mark 16 radar systems employ 





Fig. 45.—Mechanical design of AN/APQ-5 type B radar indicator. 


both lobing of the antenna for precise azimuth bearing determination and 
also continuous rotation of the antenna for general search purposes. The 
indicator shown in Fig. 46 is employed when the lobing system is in opera- 
tion and features a precision range sweep as well as the full range display. 
The equipment design here reflects the severe mechanical requirements 
which must be satisfied for electronic equipment which is to be employed on 
naval vessels or for trailer mobile ground service. 


2.5 The Radar Sweep Circuit 
2.51 Function 


The sweep circuit components of a radar receiver are required to generate 
the specific voltage or current wave forms necessary to properly display the 
radar-received information in the desired form. These wave forms must 
also be actuated by or related to the various coordinate or computed types 
of data furnished to the radar receiver. The actual detailed configuration 
of the circuit employed for this purpose is dependent on the form of the input 
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Fig. 46.—A-type indicator design for SH Naval radar equipment. 
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information available and upon the indicator deflection methods to be 
employed. 

The sweep deflection problems may be separated into two quite distinct 
categories dependent on the speeds of operation involved. The slow-speed 
deflection systems originate with the required deflection of the beam of the 
indicator cathode-ray tube in accordance with the instantaneous position 
of the axis of propagation of the antenna structure. Since the antenna 
structures with which we are concerned at radar frequencies are of compara- 
tively large dimensions, their motional velocities are extremely limited and 
accordingly the electrical information describing these slow mechanical 
changes contains only low-frequency components. The deflection problem 
associated with this information, in general, offers little difficulty to the radar 
receiver designer. Commonly employed methods of slow-speed sweep 
deflection include the use of potentiometers, selsyn generators or variable 
capacitors mechanically linked to the deflection axes of the antenna struc- 
ture and associated circuits of relatively simple form whereby the electrical 
changes in the characteristics of these devices are more or less directly 
impressed upon the proper deflection axis of the indicator. In the case of 
the PPI form of display, it is quite common to synchronize the rotation of 
the deflection coil about the axis of the cathode-ray tube with the azimuth 
bearing of the antenna through the use of selsyn motors or servo mechanisms. 
In general, slow-speed sweep deflection problems are associated with bearing 
coordinate data only. 

The determination of range to the target, on the other hand, requires high- 
speed scanning whereby the time interval encompassing the time of propaga- 
tion and return of the radar pulse over the selected range interval must be 
completely displayed upon the indicator screen. The total time interval 
available to deflect the beam for range measurement purposes may extend 
from 2500 microseconds which represents a range measurement of approxi- 
mately 240 miles down to perhaps 6 microseconds representing an expanded 
interval of approximately 1000 yards useful in certain fire-control applica- 
tions. Here, with extremely small times available for deflection purposes, 
the radar receiver designer is faced with difficult circuit design problems 
where the usual negligible parasitic circuit elements now severely restrict 
the circuit performance. In the following discussion, therefore, emphasis 
will be placed upon the design factors involved in the development of high- 
speed radar sweep wave forms. 

The radar sweep circuit can be considered as providing the following 
functions: : 

1. Generation of time wave forms. 

2. Generation of display sweep wave forms. 

3. Amplification of sweep wave forms. 
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2.52 The Timing Wave Form Generator 


The generation of the timing wave forms consists of the preparation of 
specific voltage wave forms for use in the following sweep generator in ac- 
cordance with timing information available at the radar receiver input. 
These timing data may consist of a pulse coincident or related to the out- 
going radar microwave pulse serving as a reference for range display or, in 
the case of direction sweeps, may consist of signals related to the instanta- 
neous position of the antenna. 

The basic wave forms employed in this connection consist of rectangular 
pulses where the duration of the pulse may be controlled to serve as a 
measure of time, extremely short-duration pulses useful as time markers, and 
various combinations of these. In general, these wave forms are character- 
ized by their nonsinusoidal form. The generation of these nonsinusoidal 
wave forms is accomplished by a number of specialized electronic circuits, 
which though apparently quite complex can be resolved generally into a 
combination of relatively simple basic circuit forms. 


The Multivibrator 


The “trigger” or multivibrator circuit was developed nearly thirty years 
ago and provides the fundamental circuits for the sweep circuit designer. 
Figure 47a illustrates a simple historical form of a trigger circuit which is 
of the Eccles-Jordan type. The essential current-voltage relationship which 
characterizes this circuit and all circuits employed for this purpose is a nega- 
tive resistance characteristic which exists over a limited portion of the 
operating range of the device. In the case of the electronic circuit shown in 
Fig. 47a this negative-resistance characteristic is bounded by two stable 
limiting conditions. Referring to the trigger circuit of Fig. 47a, the chrono- 
logical order of operation can be described as follows: Assume V; is con- 
ducting a somewhat larger current than V2 so that the potential at the plate 
of V; is lower than the corresponding point at V2 due to the voltage drop 
across the plate resistor R;. This condition further implies that the grid 
potential of V2 as determined by the connection from the plate of V; through 
the coupling resistor Rs is lower than that at the grid of Vi. Similarly the 
grid potential of Vi is at a higher positive potential, due to its connection 
with the plate of V2. The action is cumulative and results in stablizing the 
circuit under the condition where the plate current of V2 is entirely cut off 
and the voltage drop across V; is less than the grid bias voltage E.. 

_ If now a voltage is impressed across the input terminals of either a positive 
or negative form, the circuit will be driven away from this stable equilibrium 
condition as follows. Assume now that a large positive pulse be applied 
to the circuit shown. The tube V; which is operating in a conducting con- 
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dition will not be affected but the grid of V> will be raised in potential by the 
amplitude of the enabling pulse. The plate current flow in V2 under this 
influence will reduce the plate potential of V2 and accordingly will tend to 
decrease the positive bias of Vi. The accompanying plate current reduction 
of V, will increase its plate potential and this will result in increasing the 
grid potential of V2 through the coupling resistance R;. Again the cumula- 
tive effect will be to abruptly cut off the plate current of V; and operate V2. 
Thus an abrupt switching of this electronic circuit results when a single 
enabling pulse is impressed upon it. The wave form across one of the plate 





Fig. 47.—Basic Multivibrator Circuit Forms. 


resistances is of a rectangular form whose duration is determined by the time 
interval which exists between the two applied excitation pulses. 

A basic modification of the fundamental trigger circuit which has been 
found most useful in radar sweep circuit is given in Fig. 47b. Here the 
original circuit form has been modified so as to permit a complete cycle of 
operation upon excitation by a single actuating pulse. The duration of the 
cycle is here internally controlled by the arrangement and value of the 
circuit elements. This form of multivibrator is characterized by having one 
stable equilibrium condition and is known as a “‘one shot” type. 

The chronological order of operation of this circuit type may be considered 
as follows: V; is normally conducting heavily because of the large positive 
grid potential impressed upon it by the plate supply battery and the connec- 
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tion through R;. The plate current of V; flowing through the common 
cathode resistor Rs results in a large effective bias applied to V2 which con- 
tinues to maintain V2 ina cut-off condition. Ifa negative pulse of relatively 
short duration is impressed upon the grid of V; this tube will be driven to- 
ward cut-off with an attendant increase in the plate potential of V. This 
positive increase in voltage will be impressed upon the grid of V2 causing V2 
to conduct plate current. The resulting decrease in the potential at the 
plate of V2 further decreases the grid potential of V; through the coupling 
condenser C,. This action progresses until V; is driven beyond plate cur- 
rent cut-off and V2 is conducting. This condition remains as long as the 
discharge of the condenser C2 through R; will maintain the grid of V; at a 
net negative potential. When the condenser C; has discharged sufficiently 
to allow the grid of V; to increase above the cut-off value, V; will again 
conduct and the resultant action will reduce and eventually cut off the plate 
current of V2. The duration of the cycle of operation is here shown to be 
dependent on the time constant of the circuit Rs C2, and may accordingly 
be controlled as desired by proper selection of these elements. The return 
of the grid of V; to a very high positive voltage point in the circuit has a 
definite advantage which may be considered as follows: A variation of the 
grid voltage of V; required to cut off the plate current will influence the time 
duration of the cycle of operation. Here the time rate of change of the 
grid voltage has been made extremely large by the choice of the return to the 
high-voltage supply. Thus, an order of magnitude increase in the duration 
stability of the circuit is achieved. 

A further modification of the trigger circuit furnishes the third general 
type of multivibrator employed in the radar receiver field. This circuit 
form, called the “‘free-running” type, has the property of presenting two 
unstable limiting conditions and accordingly will produce sustained oscilla- 
tions of a nonsinusoidal form. Figure 47c illustrates this circuit arrange- 
ment. The essential circuit change over that given in Fig. 47b, is seen to be 
the elimination of the stable equilibrium condition of V; by the absence of a 
positive potential on the grid of V; . 

In the free-running type of multivibrator shown, the duration of operation 
of a particular tube is related to the time of discharge of the coupling con- 
denser and the grid resistance associated with the tube. If a different time 
constant is chosen for each tube circuit, an unsymmetrical wave form, i.e— 
a pulse-to-no-pulse interval ratio other than one, can be produced. In gen- 
eral, the free-running multivibrator is seldom used in this basic form because 
of the limited repetition-rate stability of this circuit. It is customary, how- 
ever, to trigger this free-running type of multivibrator with short-duration 
pulses having a slightly higher repetition-rate than that determined by the 
multivibrator circuit constants. In this manner the repetition-rate may be 
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externally controlled as desired. It is also possible to synchronize this par- 
ticular form of circuit at a submultiple of the externally available trigger 
repetition frequency. 

Pentodes and other now available multi-element vacuum tubes, where the 
multivibrator interstage coupling involves additional control elements, are 
commonly employed in the modern radar receiver. Wave forms other than 
the basic rectangular pulse forms appearing at the plate terminals of the 
multivibrator circuit are available at various other points in the circuit and 
are often employed in specific applications. 

One other basic form of pulse producing electronic circuits is known as 
the “blocking-oscillator’” type: two typical examples of which are illustrated 
in Fig. 48. Here the positive feedback of energy required to produce the 
multivibrator characteristic is realized through the use of a single vacuum 
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Fig. 48.—Typical Blocking-Oscillator Circuit Forms. 


tube and a transformer feedback circuit. This form may be described as an 
oscillatory vacuum tube circuit where the grid circuit is so arranged to be 
driven negative after one or more cycles of operation. This results in an 
intermittent oscillation and the production of nonsinusoidal wave forms 
similar to those produced by the general multivibrator circuits previously 
described. The basic advantage of the blocking oscillator circuit form is one 
of economy of vacuum tubes and attendant power supply reduction. 


Typical Timing Wave Circuits 


The practical military equipment requirements of World War II with the 
emphasis on compactness and low-power consumption has resulted in the 
development of a myriad of specialized circuits which reflect the ingenuity 
of the electronic circuit designer and the basic flexibility of the modern 
vacuum tube. In general, however, these circuit developments are quite 
similar operationally to the basic forms here described. 

Figure 49 illustrates a typical circuit arrangement of the sweep timing 
portion of a PPI indicator as employed in a naval search radar equipment. 
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In this particular radar system the transmitting magnetron is pulsed from a 
free-running modulator and, therefore, the controlling timing reference pulse 
for sweep purposes must be obtained from the modulator circuit. In many 
other military radar systems it has proven desirable to time both the trans- 
mitter modulator and the receiver sweep circuits from a common controllable 
repetition frequency source. As shown in Fig. 49, a positive synchronizing 
pulse as obtained from the transmitting modulator is delivered to the radar 
receiver for range timing reference and here applied to the “clipper” portion 
of the timing circuit. It was considered here desirable to clip or limit the 
timing pulse to gain freedom from timing instability, due to possible ampli- 
tude variations and to eliminate any possible negative excursions of the 
timing pulse which might cause faulty operation of the following multi- 
vibrator circuit. The multivibrator shown is a modified form of the “one- 
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shot” type described previously. The grid of V3 is normally maintained at 
a positive potential through its connection to the positive plate supply source 
and accordingly V2 is normally cut off. 

Upon application of the positive synchronization pulse to V; and the 
resultant lowering of the plate potential of V; the grid of Vs is driven below 
cut-off decreasing the voltage drop across the common cathode resistance 
and causing V2 to conduct. This condition will be maintained until the 
coupling condenser has discharged sufficiently to permit V3 to again conduct. 
In the circuit here described, however, this controlling time constant has 
been selected to be somewhat larger than the total period of the sweep rate 
and the termination of the sweep timing pulse is accomplished by an external 
stop pulse applied as shown. This stop pulse is developed in the following 
sweep amplifier circuits not here shown and is controlled directly by the 
deflection current. Details of this stop-pulse timing and generation is given 
in a later section. 

The output of this timing circuit shown here then is observed to consist 
of a rectangular pulse whose leading edge is related to the time of the out- 
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going radar pulse and whose duration has been controlled by the limits of 
deflection desired on the radar indicator tube. This form of sweep circuit 
is known as a “‘start-stop” type and has proven extremely satisfactory as 
employed in a number of military radar equipments designed during the 
past war period. 


2.53 The Sweep Wave Form Generator 


The sweep wave form generator is required to generate the specific voltage 
or current time functions required to properly deflect the electron beam of 
the cathode-ray display device. The timing of the interval of this sweep 
wave form is provided by the timing or synchronizing circuits just described. 

In general, it has been required that the range sweep wave form amplitude, 
be essentially a linear function of time over the range interval under observa- 
tion. During the latter portion of the war, certain airborne applications of 
radar did require that a specific nonlinear wave form be employed, but the 
commonly employed displays (A, B, C, and PPI) are usually operated with 
linear range deflection sweep circuits. 

The basic method of obtaining a sweep voltage wave form which increases 
with time is illustrated in Fig. 50a. In this circuit V; is normally operat- 
ing at little or no bias and, therefore, due to the large voltage drop across the 
plate resistor R, the plate potential of V; is considerably lower than the plate 
supply voltage B. Ifa negative rectangular pulse is applied to the grid of Vi 
the tube will be abruptly driven to cut-off and, due to the current flow 
through the condenser C, the plate potential will rise exponentially as indi- 
cated to eventually assume the value of the supply voltage B. At the time 
of end of the negative driving pulse, V; will again conduct and the potential 
at the plate of V, will be abruptly reduced as shown. 

There are several methods employed in radar sweep circuits to improve 
the linearity versus time of the fundamental exponential sweep wave form. 
The first of these takes advantage of the fact that the initial rise of the expo- 
nential wave form in the limit is a linear function of time. By using only 
a small portion of the wave form shown and supplying later amplification to 
produce the desired deflection, a simple improvement results. This form 
of linear sweep generation represents the original and by far the most com- 
mon of the types employed in military radar systems during the past war. 

Figure 50b illustrates a method of improving the linearity of the sweep 
wave form whereby the exponential wave form generated by the basic 
condenser charging operation is modified through the use of feedback. As 
shown here the asymptotic value of the exponential charging voltage has 
been increased by a factor of (u + 1) and the effective time constant of the 
charging circuit has likewise been increased by the same factor. The use 
of an amplifier in the feedback circuit having an effective gain of 50 would 
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result in an improvement in linearity comparable with the circuit of Fig. 50a, 
where the plate supply voltage was increased by the same factor. 
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Fig. 50.—Radar sweep generation circuits—basic form and modified by negative 
feedback to improve linearity. 





Fig. 51.—Circuit employed to improve linearity of sweep wave form by integration 
method. 


A further method of improving the linearity of the generated sweep wave 
form is illustrated in Fig. 51 where an additional correction voltage is super- 
imposed on the exponential sweep wave form. This correction voltage is 
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derived by integration of the sweep wave form as impressed upon the ele- 
ments Re, Cy and the voltage appearing across C> is effectively superimposed 
upon the output wave form. As employed on an airborne bombing radar 
equipment, a circuit similar to that shown in Fig. 51, was employed where a 
residual nonlinearity of less than 0.5% was achieved and maintained under 
severe military operating conditions. 

In certain instances it is desirable to generate a sweep wave form which 
has a specific nonlinear time characteristic. An illustration of one such 
case as applied to airborne radar is given in Fig. 52. Here the airborne 
radar display was required to present a nondistorted ground plan which in 
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Fig. 52.—Development of hyperbolic sweep wave form for true ground plan radar 
presentation. 


turn required that the range sweep wave form be of a hyperbolic form. The 
start of the display sweep must be delayed in time corresponding to the time 
of propagation and return of the radar pulse between the aircraft and the 
ground. This delay may be produced by the use of a multivibrator of a 
convenient form, actuated by a pulse coincident with the outgoing radar 
pulse, and where the duration of the multivibrator pulse is controlled either 
manually or automatically by reference to the aircraft’s altimeter. 

The hyperbolic sweep wave form illustrated may be approximated mathe- 
matically as the sum of a linear and a series of exponential terms. In this 
particular application, it was found sufficient to consider a linear and two 
additional exponential terms only to satisfy these specific requirements. 
Figure 53 indicates the method employed to generate this specific wave 
form. As indicated, the desired theoretical hyperbolic sweep function has 
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an infinite starting slope which cannot be provided with the practical limi- 
tations of frequency band width and power available so that here the actual 
delay used was chosen as 0.9 H, resulting in evident but acceptable distortion 
in the display in the area directly beneath the aircraft. Figure 53b indi- 
cates the fundamental circuit method of generating this wave form. The 
linear term is generated across the capacitance Cy and the series current 
flowing through the additional elements R; , C,and Re» , C2 supplies the two 
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Fig. 53.—Hyperbolic sweep wave form generation—simplified schematic diagram. 


additional exponential voltage wave forms. The resistances R; and Ry 
are required to be variable, their value being determined by the altitude of 
the aircraft. The practical form of the circuit employed is outlined in 
Fig. 53c, which includes the additional resistor required to enable modifying 
the rate of rise of the sweep wave form in accordance with the selected 
interval of ranges to be displayed. 


2.54 The Sweep Amplifier 


The remaining portion of the radar sweep circuit is concerned with the 
amplification of the properly timed and generated sweep wave forms to 
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assure adequate deflection voltage or current for display purposes. The 
sweep amplifier for range deflection purposes is essentially a specialized form 
of video amplifier which must be capable of wide band transmission to ade- 
quately reproduce the short time sweep wave forms and whose output char- 
acteristics are such as to properly supply the high voltage or current signals 
as required by the radar display system. Two general sweep amplifier de- 
sign problems are presented for the two basic radar indicator types. The 
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Fig. 54.—Range sweep amplifier circuit schematics for electrostatic-type radar displays, 


electrostatic type cathode-ray tube generally requires a balanced to ground 
deflection signal of moderately high amplitude while the magnetic type cath- 
ode-ray tube requires a large deflection current for its operation. 

Figure 51a illustrates a simplified schematic of a range sweep deflection 
amplifier to be employed with an electrostatic type-A radar display. Here 
the previously generated sweep wave form is impressed upon the grid of 
V, and after amplification a portion of the signal of opposite polarity and of 
amplitude comparable with the input signal at the grid of V; is applied to 
the grid of V,. The plate circuit of each tube is connected directly to the 
deflection plate of the electrostatic cathode-ray tube. In this instance, 
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the average potential of the horizontal plates of the indicator is maintained 
at a value determined by the d-c plate potentials and, as indicated pre- 
viously, this same potential should be applied to the second anode of the 
cathode-ray tube to avoid defocussing effects. Another variation of a 
phase inverter amplifier which is commonly employed in radar sweep cir- 
cuits is illustrated schematically in Fig. 54b. In this instance, a common 
cathode impedance is employed to accomplish similar excitation of the 
balanced output tubes. If one grid is excited the plate current flow of this 
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Fig. 55.—Voltage-current-time relationships for magnetic deflection structures. 


tube through the cathode resistance serves to excite the second tube and a 
balanced output sweep signal voltage will result. The values of the plate 
resistors in this form of circuit are of unequal values and must be adjusted 
to produce the desired balanced output. The additional control illustrated 
in the grid circuit of V, may be employed to serve as a d-c positioning con- 
trol. 

The sweep amplifier design considerations involved for the magnetic 
deflection type of cathode-ray tube radar indicator are somewhat more 
involved, due primarily to the character of the amplifier load impedance. 
In the case of magnetic deflection the final flux density, and accordingly the 
sweep current through the deflection coil, is required to be proportional to 
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the deflection time function desired. If a linear deflection function is 
assumed, as shown in Fig. 55, producing a linear sweep, the necessary form 
of the applied voltage wave will vary depending on the inductance, the 
resistance and the parasitic capacitance of the coil circuit. These condi- 
tions are illustrated in Fig. 55. It is entirely possible to generate sweep 
voltage functions of the forms indicated here for application to a linear 
amplifier and deflection coil circuits and in fact such an approach was em- 
ployed in early military radar designs of World War II. It has, however, 
proven more convenient to employ negative feedback amplifiers whereby 
the deflection coil current output is maintained proportional to the applied 
voltage at the input of the sweep amplifier. In this manner, a sweep 
generator voltage wave form can be employed which has the characteristics 
desired of the final deflection. 

A simplified schematic of a feedback sweep amplifier to be employed in 
connection with a magnetic deflection radar indicator is shown in Fig. 56. 
In this example the impressed sweep wave form voltage having the essential 
characteristics of the desired deflection time function is impressed upon 
the grid of V;. ‘This sweep form is amplified and the deflection coil current 
of the output stage which flows through the 80-ohm cathode resistance 
common to the first and third stages produces a voltage drop proportional 
to this current which is effectively applied between the cathode and grid 
of the first stage thus completing the negative feedback loop. If sufficient 
forward gain and adequate feedback is provided, the deflection coil current 
can be made to assume the essential characteristics of the original im- 
pressed voltage sweep wave form. It should be observed that the grid of 
the third stage is biased negatively beyond plate current cut-off to insure 
that the deflection coil current has an initial value of zero before the start 
of the sweep. If this condition is not observed, the zero range point on the 
indicator will be a function of the d-c current of the output stage and in the 
case of a PPI form of display, the zero range region will assume the charac- 
teristics of an open circle and map distortion at the short ranges will result. 
In this amplifier circuit, application of the sweep signal to the grid of Vs 
will not result in deflection current flow until the tube is driven above cut- 
off. During this time the feedback is not effective and the over-all gain of 
the amplifier is at its maximum value. Due to the inductive-characteristics 
of the amplifier load impedance, the initial rise in current will be delayed 
slightly with respect to the applied voltage and accordingly a further delay 
of the feedback voltage is introduced by the use of a time constant in the 
common feedback network. The result is a delaying of the applied feedback 
voltage with a corresponding period of maximum gain of the amplifier which 
tends to produce a sharp increase in deflection coil current at the time of the 
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start of the sweep. After this short interval of time, the feedback becomes 
effective and the output current and input voltage correspondence obtains. 

It is-essential in this type of circuit that the feedback be determined ea- 
tirely by the deflection coil current if optimum operation is to be obtained. 
It should be observed that this condition requires that the screen current 
which also normally flows through the feedback impedance does not con- 
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Fig. 56.—Radar range sweep amplifier employing negative feedback and screen grid 
bridge circuit—simplified schematic. 


tribute to the net feedback. Figure 56 illustrates the bridge circuit which 
has been devised to accomplish this. A voltage from the screen of the third 
stage is directly applied to the cathode of the first stage, this voltage being 
equal in magnitude and of opposite polarity to that which appears across 
the feedback impedance due to the third stage screen current flow. This 
bridge circuit operation is independent of the absolute screen voltage value. 

To insure identical starting potential conditions regardless of the duration 
of the range sweeps in use, d-c restoration is employed in the grid circuit of 
the last stage. The action here is similar to the operation described pre- 
viously in connection with video amplifier design. The delay inherent in 
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the magnetic deflection circuits must be carefully considered in the over- 
all radar receiver design, if the display is required to reproduce short-range 
information. In such cases, it is customary to insert delay networks in the 
video channel introducing a delay to the received signal equal to that present 
in the indicator deflection system, or to “pre-pulse” the deflection circuits 
prior to the time of the outgoing radar pulse. 

It is desirable from a power consumption and display appearance stand- 
point to limit the range deflection of the radar indicator only to that ampli- 
‘tude required to adequately fulfull the display requirements. A method 
commonly employed is indicated in Fig. 57. Here a measure of the current 
flow through the deflection coil, and accordingly the amplitude of the de- 
flection of the cathode-ray tube beam upon the screen, is obtained from the 
feedback voltage of the sweep amplifier. This voltage is impressed upon a 
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“sweep-stop” pulser which upon rising to a preselected value corresponding 
to the desired sweep amplitude is caused to trigger this circuit. The output 
pulse of this circuit is then employed to operate the sweep limiter portion 
of the sweep timing multivibrator previously described, thus terminating the 
sweep timing pulse proper. 


2.6 Circuits for Radar Range and Bearing Measurement 


In this review of radar receiver design principles only the presentation of 
the received radar signal in a form convenient to the observer has been 
considered. To fully utilize the complete radar information available, 
determination of the complete coordinates is necessary with an exactness 
which is determined by the specific use of the data and by the capabilities 
of the radar system itself. This section will be devoted to a review of the 
methods employed to generate electronic markers necessary for the deter- 
mination of range and azimuth and elevation angles. These markers in- 
clude both the fixed variety, whereby the approximate coordinates of a 
radar target can be determined by inspection, and steerable markers by 
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which means precise coordinate data necessary for most military applica- 
tions are determinable. As indicated previously, the optical filterscommonly 
employed over the screen of the radar indicator often serve as a medium for 
display of range, azimuth or elevation coordinate markings: however, 
these methods are seldom completely satisfactory in military fire-control 
radar systems because of errors introduced by the ever-present size or posi- 
tion variations in the electronic display field. Their use has been strictly 
limited to search or reconnaisance radar systems. 


2.61 Electronic Bearing Marker Circuits 


The bearing marker methods reviewed here are applicable generally to 
both azimuth and elevation angle determination. A method of azimuth or 
elevation bearing determination which can be associated with a lobing 
antenna system and an A-type indicator has been mentioned previously. 
This method remains an extremely precise system which has the desirable 
advantage of simplicity. During the latter part of the war, automatic 
tracking was applied to this method where the actual comparison of the 
lobes of the selected target signals was carried out electronically and the 
resultant antenna steering information utilized as the final bearing data. In 
a strict sense, however, only an indication of error in antenna training is 
observable to the operator on the radar equipment proper. The exact 
bearing data must be obtained from a measurement of the position of the 
antenna itself. 

In the case of the continuous scanning systems employing B, C, or PPI 
presentations, it is common practice to provide a steerable electronic marker 
which can be superimposed upon the display field and by which means rela- 
tively exact azimuth and elevation angles can be determined by target and 
marker coincidence. This electronic marker method has the advantage that 
it is subject to the same size and position display field distortion influences 
as the received pulse signal, thus eliminating this source of error. 

A circuit arrangement which has been employed in connection with a 
naval vessel radar search system to brighten a selected and variable range 
trace of the PPI indicator to serve as an electronic azimuth marker is given 
in Fig. 58. In this example the rotating antenna structure is equipped 
with a small permanent magnet pole piece whose cyclic excursions past a 
sealed magnetic reed relay cause a pair of contacts to close indicating coin- 
cidence. The relay structure is likewise mounted on a ring which can be 
rotated with respect to the scanning axis of the antenna. The relative bear- 
ing of a target is thus determinable by a knowledge of the angular position 
of the relay capsule with respect to the lubber line of the vessel. The cir- 
cuit of Fig. 58 produces one brightened range trace for each revolution of 
the antenna upon closure of the bearing marker relay contacts and is ar- 
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ranged to be unaffected by any subsequent chatter or false switch closures. 
The pedestal generator which includes vacuum tubes V; and V2 which are 
normally operated below plate current cutoff produces upon closure of the 
bearing marker switch contact a rectangular negative pulse having a dura- 
tion of 10,000 microseconds. This pulse operation is independent of addi- 
tional chatter effects following the initial contact closure. The following 
single-cycle bearing mark multivibrator is normally held inoperative by the 
bias voltage developed on the cathode of V3. The grid of Vs is continu- 
ously excited with the range sweep start pulses of an amplitude insufficient 
to actuate this multivibrator circuit. The presence of the 10,000-micro- 
second pedestal is sufficient, however, to allow the following range sweep 
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Fig. 58.—Electronic azimuth bearing marker circuit—simplified schematic. 


start pulse to operate the multivibrator. The output of this circuit is 
then a 550-microsecond pulse which represents a time slightly longer than 
the maximum range to be displayed (60,C0) yards) but shorter than the 
period of the sweep repetition rate. This positive 550-microsecond pulse 
is applied to the modulating grid of the PPI indicator tube through an 
adjustable trace brightness control element. 

Another convenient azimuth display method which has been extensively 
employed in naval and airborne radar systems involves the use of “true 
North” presentations. Here the PPI azimuth indication is presented in 
terms of a compass reference, the actual instantaneous position of the range 
trace on the screen representing the compass direction of the antenna beam. 
In the indicator previously illustrated in Fig. 44 the compass information 
is introduced by means of a differential synchro inserted in the antenna- 
indicator synchronizing connections whose angular displacement is pro- 
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portional to the instantaneous heading of the aitcraft. In the SL radar 
indicator shown in Fig. 61 the compass information is introduced by means 
of a mechanical differential rotation of the indicator deflection coil propor- 
tional to the angular position of the compass repeater mechanism. 


2.62 Range Marker Circuits—Fixed Range Markers 


A simplified schematic diagram of a convenient fixed range mark gener- 
ator circuit which has been extensively employed on airborne radar search 
systems is given in Fig. 59. Here the radar system requires 1- and 5- 
statute mile fixed range markers. The sweep start multivibrator pulse is 
applied to the grid of V; as shown. In the absence of a signal, this tube 
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Fig. 59.—Fixed range marker circuit—simplified schematic. 


operates at effectively zero bias, and because of the large plate current flow 
reduces the effective plate potential of V2 and the grid potential of V3 to a 
low value. Since the cathode of V3 is subject to a large positive potential, 
this tube is cut off and the oscillatory circuit shown is inoperative. Upon 
application of the negative start pulse, V; is cut off for the duration of this 
pulse and the attendant rise in the V3 grid potential permits the oscillator 
circuit to function. The series resonant elements L, C; and Lz C; determine 
the frequency of oscillation by providing a high value of positive feedback at 
the series resonant frequency. The output of V; which consists of approxi- 
mate sinusoidal pulses is differentiated by means of the air-core transformer 
shown. The differentiated pulses are then applied to a cathode follower 
amplifier stage biased to cut off where the output is limited to the desired 
positive fixed range mark pulses for indicator display. By careful choice of 
circuit elements and equipment arrangement, this simple circuit form has 
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produced an entirely satisfactory range marker signal for radar search 
systems, 


Variable Range Marker Circuits 


Variable range marker circuits are employed where more precise range 
information is required for missile control applications of radar. Here the 
observer may position the electronic range mark to obtain coincidence with 
the selected target, and from an associated calibration of this positioning 
control, determine the range coordinate. For search or reconnaissance 
purposes it is often desirable to determine range with somewhat more ac- 
curacy than is afforded by the display of fixed markers, and for this purpose, 
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Fig. 60.—Variable range marker circuit of moderate precision—simplified schematic. 


several designs of moderate precision variable range marker circuits have 
been developed and employed during the past war period. 

Figure 60 illustrates the circuit operation of a variable range mark gen- 
erator of moderate precision. This circuit operation depends on a pulse 
obtained from the transmitting modulator to serve as the zero time or 
range reference. This is applied to a single-cycle multivibrator which pro- 
duces a rectangular pulse whose leading edge is coincident with the time of 
the synchronizing pulse and whose duration is somewhat greater than the 
maximum range measurement required. A saw-toothed voltage wave form 
is generated in the following RC wave generator by means similar to the 
sweep wave form generation described in a previous section of this paper. 
The coincidence circuit which follows consists of a vacuum tube biased be- 
low cut-off whose exact cut-off bias is determined by the range mark poten- 
tiometer setting. This coincidence circuit is thus inoperative until the 
saw-toothed input signal has reached the value of the cut-off voltage, at 
which time this circuit functions and produces a sharp decrease in its plate 
potential. The effective time delay which is here produced with respect 
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to the time of the synchronizing pulse is observed to be a function of the 
rate of change of the saw-toothed wave form and the setting of the range con- 
trol potentiometer which may be calibrated directly in units of range to the 
target. The following range mark generator differentiates this coincidence 
circuit output wave form and furnishes the desired amplification. Zero 
range calibration.is here provided by employing a sample of the zero time 
referer ce pulse and introducing this voltage into the range control circuit. 


RANGE 
CALIBRATE 





Fig. 61.—Transmitter-receiver-indicator assembly as designed for SL-Naval Search 
Radar equipment. 


Figure 61 illustrates the transmitter-indicator assembly of the SL naval 
vessel search radar system. This system employs a PPI display with avail- 
able range sweeps of 5, 25 and 60 nautical miles. The assembly shown to the 
right of the main unit contains a variable range marker circuit of the type 
just described. This range mark is positioned by means of the control 
located toward the top of this unit and its calibration is observable through 
a window located on the top panel. Here a maximum measuring range in- 
terval of 40,000 yards is available. In this application, the RC elements of 
the wave generator are enclosed within an oven and maintained at a constant 
temperature by thermostatic means. The accuracy achieved in this ex- 
ample, without recourse to calibration means involving targets at known 
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range, is + 200 yards at the maximum range with an accuracy of + 100 
yards for targets within 5 nautical miles. 

For more precise determination of range than is afforded in the circuit 
just described, two methods have been extensively employed. The first 
method involves the production of a known time delay by actual measure- 
ment of the time of propagation of an acoustical wave through a liquid me- 
dium. Here the physical length of path is varied to produce the variable 
delay. The second method involves the phase shifting of a known precise 
sinusoidal frequency standard which bears a fixed phase relationship to the 
time of the outgoing radar pulse. 

The “liquid delay tank” variable range unit over-all operation may be 
observed by reference to Fig. 62. The zero time range reference is obtained 
in the form of a pulse coincident with the outgoing radar pulse. This pulse 
actuates the one-cycle multivibrator shown to produce a sharp high-ampli- 
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Fig. 62.—Liquid delay tank, type of precision variable range unit—block diagram of 
operation. 


tude output pulse, here relatively independent of amplitude and form char- 
acteristics of the synchronizing pulse and which is applied directly to the 
delay tank. This delay tank consists of a suitable container filled with a 
mixture of iron-free ethylene glycol and water so composed as to produce a 
zero temperature-velocity coefficient at 135°F, at which temperature the 
liquid is maintained by thermostatically controlled electrical heaters. In 
this temperature region the temperature-velocity characteristic is such as 
to produce a decrease of velocity of 0.1% for a temperature variation of 
‘14°F, Located at one end of this tank is a quartz crystal, approximately 2” 
square and 0.040” in thickness, mounted securely on a brass plate which 
serves as one electrode and which is immersed in the liquid. A similar 
crystal element is attached to a lead-screw carriage and located so that the 
face of this crystal is parallel to the fixed crystal. The distance between the 
crystal faces can be varied by rotation of the lead screw. The sharp voltage 
wave applied to the transmitting crystal causes it to oscillate inva damped 
vibration at its natural frequency for longitudinal waves which in this case 
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is of the order of 1.4 megacycles. The mounting plate and surrounding 
liquid serves to highly dampen this oscillation. A short vibrational wave 
train is projected through the liquid toward the receiving crystal. The 
amplitude of this disturbance is only slightly attenuated by viscous dissipa- 
tion for the maximum path length here employed. The large area of the 
crystal relative to the wave length results in a highly directive radiation and 
is reflected in a parallelism requirement for the crystal faces of the order of 
01”. The voltage developed across the receiving crystal upon application 
of this delayed acoustical wave consists of a main response followed by minor 
disturbances due to re-reflections between the crystals. 





Fig. 63.—Liquid delay tank type of precision variable range unit. 


The following amplifier shown in Fig. 62 is required to increase the .005- 
volt received signal to approximately 20 volts. This gain supplied is con- 
trollable by means of an automatic gain control circuit so as to provide a 
relatively constant amplitude of the first response signal. The following 
trimmer circuit consists of a pentode operating below cutoff such that a 
signal of at least 20 volts is required for plate current flow. Since the AGC 
circuit operates to adjust the gain of the amplifier to this condition, only the 
first and highest response peak is transmitted to the final range pulse multi- 
vibrator circuit where a sharp narrow rectangular pulse is produced to be 
employed in the following indicator circuit. 

Figure 63 is a photograph of the liquid-tank type of variable range unit as 
developed and manufactured early in the past war and employed extensively 
in naval fire-control radar systems. This unit includes provision for a 
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maximum range measurement of 40,000 yards with an accuracy of + 40 
yards at this range under normal field operating conditions. 

The use of the liquid range unit is practically restricted to ground and 
naval vessel application because of its weight and the problems of handling 
these critical liquids. Another variable range unit development was ini- 
tiated to meet the same accuracy requirements as above, but to be more suit- 
able for aircraft and other extreme ambient applications. The phase- 
shifting type of variable range unit whose operation is illustrated in Fig. 64 
was the result of this effort. 

The input start-stop single-cycle multivibrator circuit produces a rectang- 
ular pulse output wave form whose leading edge is coincident with the time 
of the outgoing radar pulse and whose duration encompasses the maximum 
range time to be measured, in this example 270 microseconds. 

The timing wave generator and associated phase shifting circuit is shown 
schematically in Fig. 65. The resonant frequency of the oscillatory circuit 
is 81.955 ke which period represents an equivalent radar range interval of 
2000 yards. An initia! d-c current of approximately 10 ma is present in the 
Z, C; circuit in the absence of input start signals. Upon application of the 
negatively poled rectangular start-stop pulse V; and V: are abruptly driven 
to cutoff and the energy associated with the magnetic field of L, produces 
local current flow and oscillation at a frequency determined by L; C. 
The initial circuit conditions here are the same as the zero voltage condition 
for each cycle of a sustained oscillation and the behavior of the oscillatory 
system is the same as for the case of sustained oscillation. The absolute 
average potential of the oscillation is maintained constant regardless of 
the magnitude of the duty cycle. Positive feedback of the timing 
wave is included in the V3 cathode connection in such a manner that uni- 
form amplitude of the timing period throughout the active period results. 
The purpose of the remaining circuits shown in Fig. 65 consisting of V;, 
Vi and V; is to produce four output timing wave voltages whose relative 
phases differ by 90°. These voltages are to be later combined in such a 
manner that continuous phase shift of the output timing wave results. 
Two quadrature voltages are here produced by the use of LR and CR net- 
works so proportioned that wly = a = R» at 81.955 kc. The desired 
four timing wave outputs are produced by the use of the phase inverter 
stages Vs and V;. 

The method here employed to combine four quadrature voltages to enable 
continuous relative phase shift of the resultant output is illustrated in Fig. 
66. This phase shifter capacitor consists of four quadrant shaped stator 
sectors which are equal in area and shape and which are mounted parallel 
toa ring stator asshown. A carefully shaped eccentric dielectric vane rotor 
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is provided whose rotation between the stator elements affects each quad- 
rant stator capacitance in a like manner. As illustrated the resultant out- 
put voltage which appears from the ring stator to ground has a phase shift 
relative to any applied wave which varies linearly with angular displace- 
ment of the condenser shaft. 

The function of the following amplifier shown in Fig. 64 is to provide a 
high-impedance termination for the phase-shifting condenser, and to pro- 
vide increased amplitude of the timing wave. The pulse generator which 
follows limits or clips the applied timing wave, and differentiates the re- 
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Fig. 65.—Timing wave generator circuit of phase shifter type range unit. 


sultant wave form. The output here consists of trains of alternate positive 
and negative timing pulses. 

The pulse selector component shown in Fig. 64 enables obtaining delay 
intervals greater than 12.2 microseconds the value associated with 369° 
phase shift of the timing wave. An increasing exponential saw-toothed 
wave form is generated starting at zero time reference by an RC circuit 
having a time constant of the order of 800 microseconds. The timing pulses 
are applied additively with this exponential to the grid of a vacuum tube 
operating below cutoff, its exact value of bias being determined by the 
setting of a potentiometer control. At the time that the grid signal ampli- 
tude exceeds this critical cut-off bias value, this tube conducts abruptly as 
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shown and an output pulse is produced whose position on a time scale is 
determined by the additive phase shift of the timing wave and the setting of 
the pulse selector potentiometer. By mechanically gearing the potentiom- 
eter and phase-shifting condenser, the final rotation of the control shaft will 
result in an output pulse whose delay will increase uniformly and correspond 
to 2000 yards per revolution of the control. Further amplification is fur- 
nished in the output amplifier shown. 

Figure 67 illustrates the final equipment features of a phase-shifting type 
of variable range unit as developed for naval vessel radar system application. 
It will be observed that this unit is mechanically interchangeable with the 
liquid range unit shown in Fig. 63. 
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Fig. 66.—Schematic outline of operation of phase shifter condenser. 


In this model, ‘the parallel resonant timing wave oscillatory circuit is 
maintained at a constant temperature by employing an electrically heated 
oven. Measurements made on this design indicate that the range shift 
error to be expected for a “warm-up” period of 6 minutes was .003% or 15 
yards at 45,000 yards range. After 6 minutes time, thermal equilibrium is 
reached and the total range error will be less than 20 yards at 45,000 yards 
range. The unit here illustrated has been universally employed in the 
majority of naval vessel fire-control radar systems of the past war and these 
basic circuit principles have served for range measurement in other appli- 
cations including precision radar bombing. 


2.7 Automatic Frequency Control and Automatic Gain Control 
2.71 Automatic Frequency Control 
The automatic frequency control (AFC) of the local beating oscillator to 
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assure correct tuning of the radar receiver has become an extremely im- 
portant feature of the military radar system and the successful solution of 





Fig. 67.—Precision variable range unit of the continuous phase shifter type. 


this problem has contributed greatly to the practical success of radar during 
World War II, by assuring consistent optimum system performance under 
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severe military field conditions. In the case of the usual radio-communi- 
cation system, some knowledge of character and extent of the information 
which is being transmitted is available to the receiving location which may 
serve to evaluate the receiver operating performance, but in the case of the 
military radar system such reference data is not always available. The 
usual military operating conditions for radar systems are extremely severe 
which, in general, tends to degrade the performance. Mistuning of the 
radar receiver and the attendant reduction of the performance of the system 
must be immediately evident to the operator even under conditions where no 
radar signal returns are present. 

During the first years of the past war, this tuning problem was recognized 
and the initial attempts at solution involved the inclusion of receiver tuning 
indicators to serve as an indication of adjustment. As the radar systems 
became more complex and with the trend toward the use of higher trans- 
mission frequencies the necessity for completely automatic continuous 
tuning adjustment of the receiver became increasingly evident and the 
present types of automatic frequency control devices were developed. It 
has been determined that in the specific case of airborne radar bombing 
equipment operating at 10,000 mc that the automatic frequency control of 
the receiver tuning is an absolute necessity, since the radar operator cannot 
under the normal military operating conditions maintain the system per- 
formance in this regard to a small fraction of the optimum. 


Functions and Requirements 


The basic reference for a radar automatic frequency control system must 
be the transmitter frequency since it is required that the receiver be properly 
tuned under the condition where no radar return signals are available. 
Either the frequency of the transmitter magnetron or the local beating 
oscillator frequency may be adjusted from an electrical error signal whose 
characteristics are related to the tuning point. Magnetrons whose fre- 
quency was conveniently controllable by remote electrical means were not 
then available so that the later method has been universally applied in mili- 
tary radar systems developed during the past war period. 

It is pertinent to review the nature and extent of the frequency instability 
of a radar system to derive the requirements to be imposed upon an AFC de- 
vice. The sources of frequency instability are associated with the trans- 
mitter as well as the receiver elements of a radar system. The magnetron 
frequency is determined in part by the physical dimensions of its oscillatory 
cavity structure, and as would be expécted, ambient temperature and 
pressure conditions exert a decided influence. For example, a typical 
thermal coefficient of frequency for a magnetron may be as high as 200 kilo- 
cycles per degree Centigrade which over the range of ambient temperatures 
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to be considered important for military equipment may result in a frequency 
shift of 20 mc from the time the equipment is turned on until thermal equi- 
librium is established. The magnetron frequency is extremely sensitive 
to its terminating load impedance. This termination in a radar equipment 
is composed of the antenna, the interconnecting RF transmission line, and 
the duplexing devices. The typical radar antenna system employs rotating 
joints or connecting devices to enable transfer of RF power to the antenna 
‘proper while it is mechanically operated over its scanning cycle. These 
connections cannot be made to present an entirely uniform impedance over 
their entire mechanical operating range and thus introduce variable im- 
pedance irregularities to the magnetron generator. The frequency of these 
impedance variations may range from a fraction of a cycle per second to 
perhaps 60 cps. The input impedance of the antenna proper is dependent 
on the extent and character of nearby obstructions in the radiation path. 
The characteristics and form of the radome employed to protect the antenna 
contribute to the variable impedance characteristics of the antenna and 
thus influence the magnetron frequency. An additional instability in mag- 
netron operation which is introduced through power supply variations within 
the modulator and transmitter portion of the system must also be considered 
in the detailed design of the AFC system. 

The receiver itself is responsible for a major contribution to the frequency 
instability characteristics of the radar system. The local beat oscillator 
frequency is critically dependent on the physical dimensions of its oscillatory 
structure and on the supply voltages. The effects of temperature and at- 
mospheric pressure on the frequency of a reflex oscillator of the types pre- 
viously described is considerable. For example, a thermal coefficient of 
0.25 mc per degree Centigrade, typical of the 10,000-mc tubes, will produce a 
total excursion of perhaps 25 mc over the range of ambients experienced in 
military equipment. In the case of supply voltage variations, a 5-mc fre- 
quency shift will result for a 1% change in anode and repeller potential for a 
typical 10,000-mc reflex oscillator. Another source of receiver frequency 
instability is associated with the shift of the IF amplifier frequency selectiv- 
ity characteristic with tube aging and operating conditions. 

If the operating requirements for an AFC system are now reviewed from 
a consideration of these factors, it will be observed that for a radar system 
operating at the higher frequencies a total effective frequency change of 
perhaps as much as 50 mc may be encountered whose rate of change, in 
general, will be relatively slow and may be classified generally as effects 
due to “warm up”. In addition fast variations of frequency will be present 
whose rates of frequency change may extend from 1 mc per second per 
second to 1000 mc per second per second. At the lower radar frequencies 
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these frequency variations will be somewhat lower with an attendant fédtic- “ 
tion of the range of operation required of the AFC-circuit. ok, te 


AFC Circuit Design Considerations f ; 3 


To obtain a measure of the basic frequency reference for AFC ‘purposes : 
the direct approach is evident. A sufficiently attenuated sample: of’ the’ 
outgoing radar pulse may be obtained from the transmitter and after’sépa- 
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Fig. 68.—Radar AFC system—block diagram and circuit arrangement. 


rate conversion but, under the influence of the regular receiver beat oscil- 
lator, may be employed as a true sample of the outgoing signal as it exists 
with the normal receiver IF channel. The separate AFC converter method 
has been employed in some military radar equipment but has the disad- 
vantage that additional conversion components are required. A second 
method is more economical of equipment and has been extensively employed 
during the past war period, but this later type of AFC circuit has limitations 
which are imposed on it by the character of the IF signal as normally avail- 
able in a radar receiver. Figure 68a illustrated the essential elements of 
‘such an AFC system for a radar receiver. It will be here observed that a 
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sample of the IF signal after normal conversion and some amplification is 
applied to a frequency sensitive discriminator circuit and the resulting error 
signal is employed to readjust the beat oscillator frequency. The outgoing 
radar pulse is normally attenuated effectively by the TR circuit, and thus 
the remaining signal available for AFC purposes is due to inherent leakage 
of the TR elements. As previously indicated, the frequency spectrum of 
the output “‘spike” of the TR device extends over a wide frequency range, 
due primarily to the small finite delay in the breakdown of the TR tube. 
The energy frequency distribution characteristic of this spike is to a large 
degree independent of the magnetron frequency and, therefore, must be 
considered as an undesirable masking signal and accordingly reduced to a 
noninterfering level. As previously indicated this is usually accomplished 
by disabling one or more of the IF amplifier input stages for a short time 
interval coincident with the outgoing radar pulse. 

With a signal available which is related to the frequency of the outgoing 
pulse, the remainder of the AFC design is concerned with the utilization of 
this information to accomplish the automatic tuning of the radar receiver. 
To determine the frequency gain characteristic of the discriminator circuit 
it is pertinent to examine the frequency repeller potential relationship of the 
local beat oscillator. This relationship for a 2K25-type reflex oscillator 
operating at 10,000 me shown in Fig. 19 is approximately 2 mc/volt and is 
representative of the tubes of this type. This quantity provides an indi- 
cation of the “loop gain” required for a satisfactory AFC circuit. 


Typical AFC Circuit Designs 


Figure 68b illustrates the essential elements of a radar AFC discriminator 
and amplifier circuit. This consists of an input circuit which is required to 
furnish the means for frequency measurement, rectifier elements to convert 
this frequency deviation information to a proportional voltage error signal, 
followed by an amplifier to increase the amplitude of this signal to the re- 
quired level to adequately control the frequency of the local beat oscillator. 

The operation of the discriminator input circuit may be observed by refer- 
ence to the vector diagram of Fig. 69a. The input circuit, essentially a 
double-tuned transformer having a low value of mutual inductance, serves 
to couple the AFC rectifier to the preceding IF amplifier tube. The 
resonance frequency of both primary and secondary circuits is main- 
tained at the desired midband IF tuning point, in this example, 60 mc. The 
output of the balanced secondary winding of this input network is applied to 
a balanced rectifier shown in the vector diagram as FE; and Ey’. In addition 
a portion of the IF signal voltage which appears across the primary winding 
is also applied to each element of the balanced rectifier. .At resonance, the 
primary and secondary voltages assume a quadrature relationship as indi- 
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cated. The vector relationships for frequencies above and below this reso- 
nance, as shown, result in an amplitude change across the rectifier circuit. 
Figure 69b illustrates a typical rectified voltage versus frequency character- 
istic of such an array. The location of the actual crossover zero voltage point 
is determined only by the resonance of the secondary circuit over the limited 
range under consideration here. The primary resonance contributes essen- 
tially only to the symmetry of the voltage output versus frequency charac- 
teristic. The introduction of the time constant elements in the detector 
output circuit integrates the pulse output and are chosen with due regard 
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Fig. 69.—Operation of the AFC circuit—vector relationships in input circuit and out- 
put voltage vs. frequency characteristic. 


to the maximum frequency rate of change which this circuit must control. 
The d-c amplifier shown is normally biased to operate at maximum gain 
consistent with stability, to produce the maximum sensitivity to frequency 
change and to accordingly achieve the least threshold deviation from the 
ideal tuning condition. Provision for disabling the AFC circuit is included 
to enable initial manual adjustment of the beat oscillator repeller potential. 
With the circuit shown here, failure of the AFC circuit proper will result in 
the return of the repeller potential to that value originally selected by initial 
tuning and further manual control may be used. 

It is often convenient to describe the effectiveness of an AFC circuit in 
terms of its “pull in” range and its “hold in” characteristics. ‘Pull in” 
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will be defined as the ability of the AFC circuit to restore proper tuning con- 
ditions with sudden application of the signal. The “hold in” characteristic 
of the AFC system will be defined as the ability of the circuit to maintain 
proper tuning conditions as slow changes occur in the frequency of the con- 
trol signal. In the AN/APS-4 airborne radar equipment previously re- 
ferred to, which employs an AFC circuit similar to the form here described, 
the “pull in” range is approximately + 5 me from the 60-mc midband value 
and the “hold in” range includes the entire tuning range of the reflex oscil- 
lator employed which is of the order of + 40 mc. This example will main- 
tain the tuning within 0.5 mc of the desired tuning point over the range of 
conditions encountered in wartime aircraft applications. 

In some applications use has been made of a frequency scanning process 
whereby the AFC output voltage, in the absence of a suitable controlling 
signal within the IF band, is caused to vary periodically in a saw-tooth 
fashion thus causing the local beat oscillator frequency to vary, sweeping 
across the complete tuning'range of the receiver. When the desired signal 
frequency is produced the AFC then functions in the normal manner. 
This form of circuit was employed in certain radar equipments developed 
during the early part of the war and a somewhat similar oscillatory AFC 
circuit has been employed in connection with later developed thermally 
tuned reflex oscillators and reported elsewhere." 

An automatic frequency control unit designed in connection with the 
AN/APQ-7 radar bombing equipment which operates at 10,000 mc is illus- 
trated in Fig. 70 and Fig. 71. The basic operation of this equipment ex- 
ample is similar to the d-c amplifier type previously described but includes 
certain modifications important for this particular application. In this cir- 
cuit the plate potential of the first IF stage of the AFC unit is obtained as a 
positive pulse from the transmitting modulator thus enabling the AFC cir- 
cuit only during the short interval of time encompassing the outgoing radar 
pulse. This arrangement assures that no detuning of the receiver will result 
from spurious or nearby signals after the radar pulse has been transmitted. 
The rectifier elements here consist of triodes operating near plate current 
cut-off which results in improved linearity of detection. The d-c amplifier 
portion of this AFC circuit is arranged somewhat differently from theexample 
previously discussed, including in this case balancing controls to account for 
tube and circuit variations. At the condition of resonance, in this case 60 
mc, the voltages applied to each grid of the amplifier are equal and the net 
repeller potential is determined entirely by the manual control value. 
The overall output range of voltage for this circuit is + 20 volts, which in 
this application represents a -+ 40-mc frequency change for the associated 


13 Considerations in the Design of Centimeter-Wave Radar Receivers’’, Stewart E. 
Miller, Proc. I. R. E., Vol. 35, No. 4, April, 1947. 
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reflex oscillator. Variations in the amplitude of the controlling signal are 
of less importance by virtue of the biasing action of this d-c amplifier circuit. 
The performance of this design includes maintenance of the tuning point of 
this receiver to within + 0.25 mc of the center of the IF band which in this 
case is 60 mc. 


2.72 Automatic Gain Control 


Automatic gain control (AGC) of a selected radar signal is often required 
in military radar systems employed for fire control or aircraft interception 
purposes. In the case of the common search radar system, AGC is seldom 
required. The radar receiver AGC function is quite similar to that required 
of this circuit in the usual radio communication system, i.e., automatic am- 





Fig. 71.—AFC component design as employed in AN/APQ-7 airborne radar system. 


plitude stabilization of the desired signal. For the radar receiver case, 
however, the desired signal must be selected on a time interval basis. 

In the usual type of automatic tracking radar system, the target is selected 
by manual alignment of a range and/or bearing “gate”. This gating process 
is essentially a modulation process by which the complete received radar 
pulse signals are modulated with a rectangular pulse synchronized with 
the outgoing radar pulse. The modulating pulse or gate has a finite ampli- 
tude only over the time interval under observation. In this manner all 
received information, except that occurring during the selected time interval, 
is effectively rejected and the automatic gain control circuit operation is 
entirely defined by the data present during this time interval. 

The remainder of the automatic gain control circuit is concerned with 
the measurement of the amplitude of the selected signal, usually by a peak 
voltage measurement, the averaging of this measurement over a convenient 
time interval, and the production of a suitable gain control voltage to be im- 
pressed upon the radar receiver IF or video amplifier circuit: The detailed 
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AGC circuit design is dependent to a major extent upon the dynamic 
characteristics of the associated automatic tracking device. The subject 
of automatic tracking design principles cannot be reviewed here and accord- 
ingly more detailed AGC design consideration must also await inclusion in 
such a future report. 


2.8 Radar Receiver Power Supplies 


The remaining components of the radar receiver to be here reviewed con- 
sist of the power supplies necessary to produce the various d-c potentials as 
required for the operation of the electronic components of the receiver. The 
principal design problems associated with these components arise from the 
relatively poor stability characteristics of the prime sources of power avail- 
able at the military scene and the rather severe output voltage requirements 
to adequately serve the precision nature of radar reception, display, and 
measurement. The supply voltages necessary for a military radar receiver 
range from low bias potentials upward to 5000 volts for cathode-ray tubes 
and TR application with both polarities often required. 


2.81 Primary Power Sources 


The characteristics of the primary source of power available for the mili- 
tary radar system are dependent on the area of use of the equipment. In 
the case of mobile ground radar installations, the gasoline engine driven 
generator represents the typical primary power source. In the case of large 
mobile radar systems it is customary to employ 115-volt—60-cycle primary 
power, while in certain more portable designs 115-volt—400-cycle primary 
power has proven satisfactory. The frequency and output voltage of a 
gasoline engine driven alternator cannot be maintained within the narrow 
limits desired by the radar receiver and here the major burden of precise 
voltage regulation must be carried by the electronic regulated power supply 
within the radar receiver. 

For naval vessel radar installations 115-230-volt—60-cycle primary power 
is commonly available on the larger vessels. For PT and similar smaller 
craft, certain radar installations have been employed operating from 24-48 
volts direct current with motor generator sets supplying 60-cycle or 400-cycle 
power for the radar system. In the case of undersea craft, the storage 
battery is employed as a primary source of power and motor generator sets 
are employed to obtain 115 volts, 69 cycles in most instances. 

The primary source of power for aircraft radar purposes is either a low 
voltage (27 volts) d-c generator driven by the aircraft engine or an alter- 
nator similarly driven. If d-c power is available, an additional motor gen- 
erator set may be employed to furnish the 115-volt—400 to 800-cycle power 
for the radar equipment use. Voltage regulators of the carbon pile compres- 
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sion or electronic types are usually employed here, resulting in a nominal + 
3% voltage stabilization. The extreme variable electrical loads imposed 
upon the aircraft power system by electrically operated gun turrets and 
other combat equipment result in increased emphasis being placed on ade- 
quate regulation capabilities of the radar receiver power supplies. In 
addition, the ever-present requirement of minimum weight for aircraft 
equipment results in motor generator designs employing a minimum of 
magnetic material and usually results in a variation in output voltage wave 
shape with load. This factor must also be considered in the detailed 
design of the aircraft radar receiver power supplies. 

During the initial airborne radar development program, the power 
frequencies in common use were 400 cps and 800 cps. The British use of 
direct coupled aircraft engine driven alternators produced variable fre- 
quency output voltages ranging from 1200-2400 cps dependent on the en- 
gine speed. In connection with the electronic warfare standardization pro- 
gram for equipment to be used jointly by our allies, the aircraft radar system 
was required to operate over the entire range of power frequencies extending 
from 490 cps to 2400 cps. All of the airborne radar equipment developed 
during the later half of World War II was designed to meet these variable 
power frequency requirements. 


2.82 Low Voltage Power Supplies 


The electronic regulated power supply has been universally employed to 
furnish the stable low voltages as required by the radar receiver. Here the 
output voltages required extend from 59 volts to 600 volts with maximum 
direct current required extending upward to 500 ma. 

The basic electrical circuit arrangement of such a power supply is shown 
in Fig. 72. In this circuit, the regulating element consists of a variable 
series impedance, furnished in the form of a vacuum tube and resistance 
combination, whose magnitude may be controlled electrically from an error 
signal associated with the output voltage of the power supply and a reference 
voltage. The control circuit consists of a bridge network which includes a 
constant voltage gas-discharge tube as one element. A d-c amplifier is 
connected across the output terminals of this bridge circuit and serves to 
amplify the error signal for use in the regulating element. If the output 
voltage of the power supply varies from the desired value for any cause, the 
error signal appears at the output terminals of the bridge circuit, due to the 
effective unbalance of this circuit at all voltage levels except the reference 
value. The error signal after sufficient amplification is impressed upon the 
grid of the series regulating tube with a polarity such that a corrective 
impedance variation results. The degree of regulation obtainable is a func- 
tion of the loop gain provided and the absolute stability of the output voltage 
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is determined primarily by the constancy of the reference voltage derived 
by the use of the gas-discharge tube. By incorporating wide frequency 
band characteristics to the loop gain elements, the maximum rate of change 
of regulation can be extended, and this circuit becomes very effective in re- 
ducing the fundamental and harmonics of the primary supply voltage. The 
effective impedance of a radar receiver power supply of this type is of the 
order of one ohm, a factor of extreme importance in reducing the unwanted 
interaction between the various receiver components by coupling due to 
this common impedance. Other variations in circuit arrangement for 
regulated power supplies are occasionally employed, the most common of 
which involves the use of a vacuum tube as a shunt regulating element as 
contrasted with the series arrangement shown here. In certain ]ow-current 
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Fig. 72.—Simplified circuit schematic of low-voltage power supply—Series regulation 
type. 


applications the use of gas-discharge tubes of constant voltage characteris- 
tics are occasionally employed in a shunt circuit configuration. 

Figure 73 illustrates the equipment arrangement of a radar receiver power 
supply as employed for an airborne radar bombing system. In this example 
is included one non-regulated and three regulated rectifier power supplies 
with output voltages of +600, +300, +120 and —300 volts available for the 
radar receiver. The forced ventilation feature shown here is required to 
prevent extreme temperature rise of the components under high altitude 
conditions in the presence of considerable heat dissipation by the rectifier 
and series regulating circuits. Each power supply is designed as a separable 
subchassis within the over-all enclosure to provide for ease in manufacture 
and testing of the unit. The weight of this complete unit as installed in a 
military aircraft is approximately 50 pounds. 
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Fig. 73.—Low-voltage power supply for AN/APQ-7 airborne radar system—Mechani- 
cal features, 





Fig. 74.—Low-voltage power supply for AN/APQ-5 low altitude radar bombing equip- 
ment. 


Figure 74 indicates the mechanical design features of a typical airborne 
radar receiver power supply of the series regulated type as employed in the 
AN/APQ-5 radar bombing equipment. This example illustrates the em- 
phasis which is placed on compactness and lightweight construction of air- 
borne radar components. 
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To obtain the maximum dependable performance from the various power 
transformers and coils employed in the radar receiver power supplies under 
the severe military field conditions, a considerable development program 
was carried on throughout the past war. At the beginning of this program 
the only available method of insuring adequate transformer winding insula- 
tion under extreme humidity conditions involved the sealing of the structure 
in a metal container. For aircraft service, where weight is of prime con- 
cern, this added weight could not be tolerated so that here an open type of 
structure was extensively employed, with the protection to the winding 
being furnished in the form of several coats of varnish followed by an enamel 
overcoat. With the increased emphasis on high-altitude operation of mili- 
tary aircraft and the rapid temperature and pressure changes involved, a 
development program was instituted to improve the open-type transformer 
sealing process. The result of this program has produced the Flexseal 
process whereby the service life of this type of power transformer has been 
increased as muchas ten times that obtained with the varnish process for- 
merly employed. This process involves a multiple-dip varnish coating 
method where the varnish is thickened by the addition of talc, a very 
fine low-gravity wettable inert filler. This process results in the formation 
of a relatively thick plastic shell which completely surrounds the trans- 
former structure. One of the features of this process is found in its sim- 
plicity, whereby no special equipment was required to carry out the pro- 
cedure, an important factor during a wartime production program. Figure 
75 illustrates a number of typical open-type power transformers which 
were employed on various military radar projects, all of which incorporate 
the Flexseal treatment for improved service life. 


2.83 High Voltage Power Supplies 


The high voltage, as required for radar receiver cathode-ray tube indicator 
purposes, varies from 2000 volts to 5000 volts, and for the TR tube keep- 
alive potentials of the order of 1000 volts must be provided. In these cases, 
however, the d-c current requirements are quite small and generally no 
regulation means are required for stabilization of the voltage, the stability 
of the primary source of power usually being sufficient. 

The design problems encountered in this type of power supply are con- 
cerned primarily with the requirements of reliability of operation under 
severe military operating conditions, and further require that only circuit 
elements having well-defined factors of safety be employed in such appli- 
cations. 

Figure 76 illustrates a number of typical high-voltage transformer designs 
which have been employed in military radar systems during the past war 
period. Both air insulated and oil immersed types of structures are shown. 
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Fig. 75.—Flexseal treated open-core type power transformers as developed for air- 
borne radar application. 





Fig. 76.—Power transformer designs for high voltage radar power supply applica- 
tion—Air-insulated and oil-filled types are included. 


The use of air insulation in a high-voltage transformer results in a relatively 
low coupling coefficient between primary and secondary windings and 
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accordingly restricts the range of power frequencies over which satisfactory 
regulation and operation can be expected. With the emphasis on power 
supply frequencies extending from 400 cps to 2400 cps for aircraft purposes, 
this air insulated type of structure was abandoned in favor of oil immersed 
types. The primary disadvantage of the oil immersed type of transformer 
is the increased weight of the unit. 

A high-voltage power supply design as produced for airborne radar system 
application is shown in Fig. 77. In this example +4900 volts is supplied 
for cathode-ray tube indicator purposes and — 1000 volts is available for the 
TR tube keep-alive circuit. This unit employs an air insulated type of 





Fig. 77.—High-voltage power supply for airborne radar receiver application—pressur- 
ized’ type. 


high-voltage transformer and by the use of a hermetically sealed enclosure 
operated at sea-level atmospheric pressure, satisfactory performance at high 
altitudes is realized. . 


CoNncLUSION 


The complete technical story of radar is of a magnitude comparable to a 
detailed report of the military campaigns of this past global war. During 
this period, the Bell Telephone Laboratories developed for manufacture more 
than 70 specialized radar systems for the Armed Services. It has been 
possible here only to review the major technical considerations which in- 
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fluence design of a military radar receiver and to present a few radar circuit 
and equipment illustrations of the specialized technology that has resulted. 
It is a tribute to the ingenuity and industry of the workers in the radar field 
that this technology, developed under extremely accelerated and difficult 
conditions, will have a permanent value in future communication systems 
design. 

The material used in this paper represents the concrete contributions of 
countless individual workers within and without the Bell Telephone Labora- 
tories. The equipment products illustrated are the product of concentrated 
effort on the part of the staff of the Western Electric Company who pro- 
duced these specialized and complex radar systems in quantities and within 
schedules necessary for the successful prosecution of the war. It is regret- 
table that it is an impossible task to assign individual credit for these spe- 
cific military radar contributions. 
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Bandwidth (Appendix 10 only, (j-3)). 
Susceptance 

Reduced susceptance (9.7). 

Electronic susceptance. 

Capacitance 

Heat ca capacity (A-1). 

Reduced gap spacing (10.3). 
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Retarding field in drift space. 

Drift effectiveness factor (5.4). 

Conductance 

Reduced conductances (9.6), (9.12). 

Gap conductance of loaded resonator. 

Electronic conductance, 

Conductance at gap due to load. 

Conductance at gap due to resonator loss. 

Efficiency parameter (3.7). 

Maximum value of H for a given resonator loss. 

Radio-frequency current. 

Current induced in circuit by convection current returning across gap. 

D-C beam current. 

Resonator loss parameter (3.9). 

Radiation loss in watts/(degree Kelvin)‘ (k-2). 

Inductance. 

Characteristic admittance (a-8). 

Characteristic admittance of line. 

Short line admittance parameter (9.38). 

Drift time in cycles. 

Length of line in wavelengths (Section IX only). 

Transformer voltage ratio. 

Power. 

Equation (a-10). 

External Q (a-11). 

Unloaded Q (a-12). 

Surface resistance (a-2). 

Scaling factor (9.17). 

‘Temperature. 

Radio-frequency voltage. 

Potential in drift space (Appendix VI only). 

D-C beam voltage at gap: 

The repeller is at a potential (— V2) with respect to the cathode. 

Work, energy (Appendix I). 

Reduced radian frequency (10.5). 

Bunching parameter (2.9). 

Admittance. 

Circuit admittance. 

Electronic admittance. 

Load admittance. 

Resonator admittance. 

Impedance. 

Load impedance. 

Distance between grid wire centers. 

Separation between grid planes or tubes forming gap. 

Electronic charge (1.59 X 107! Coulombs). 

Frequency. 

Factor relating to effective grid voltage (b-37). 

Radio-frequency convection current. 

Radio-frequency convection current returning across gap (c-4). 

Fundamental component of fs. 

v-1 

Boltzman’s constant (1.37 X 10% joules/degree K). 

Conduction loss watts/degree C (k-14). 

Length. 

Mutual inductance. 

Electronic mass (9.03 x 10~*! gram sevens). 

Repeller mode number. The number of cycles drift is » + 2 for “optimum 
drift”. 

Reduced power (9.5). 

Radius of grid wire, radius of tubes forming gap. 

Time, seconds, 

D-C velocity of electrons. 
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Total velocity (Appendix VIII only). 

Instantaneous gap voltage 

Real part of frequency (12.1). 

Coordinate along beam. 

A rectangular coordinate normal to x. 
Half-separation of planes forming symmetrical gap. 
Magnitude of small signal electronic admittance. 

A rectangular coordinate normal to x (Appendix I). 
A variable of integration (Appendix VI). 

Negative coefficient of the imaginary part of frequency (12.1). 
Modulation coefficient. 

Ba Average value of modulation coefficient. 

Bo Modulation coefficient on axis. 

Br Modulation coefficient at radius r from axis. 

Bs Root mean squated value of modulation coefficient. 
By Modulation coefficient at distance y from axis. 

y = w/t. 

Dielectric constant of space (8.85 x 10- farads/cm). 
Drift angle in radians. 

Gap transit angle in radians. 

Wavelength in centimeters. 

A phase angle. 

Reduced potential (g-13). 

Voltage standing wave ratio. 

Transit time. 

Time constant of thermal tuner. 

Cycling time on heating. 

Cycling time on cooling. 

Magnetic flux linkage. 

Radian frequency. 
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HE reflex oscillator is a form of long-transit-time tube which has 

distinct advantages as a low power source at high frequencies. It 
may be light in weight, need have no magnetic focusing field, and can be 
made to operate at comparatively low voltages. A single closed. resonator 
is used, so that tuning is very simple. Because the whole resonator is at 
the same dc voltage, high frequency by-pass difficulties are obviated. 

The frequency of oscillation can be changed by several tens of megacycles 
by varying the repeller voltage (“electronic tuning”). This is very ad- 
vantageous when the reflex oscillator is used as a beating oscillator. The 
electronic tuning can be used as a vernier frequency adjustment to the 
manual tuning adjustment or can be used to give an all-electrical automatic 
frequency-control. Electronic tuning also makes reflex oscillators serve 
well as frequency mcdulated sources in low power transmitters. 

The single resonator tuning property makes it possible to construct oscil- 
lators whose mechanical tuning is wholly electronically controlled. Such 
control is achieved by making the mechanical motion which tunes the cavity 
subject to the thermal expansion of an element heated by electron bom- 
bardment. 

The efficiency of the reflex oscillator is generally low. The wide use of 
the 707B, the 723A, the 726A and subsequent Western Electric tubes 
shows that this defect is outweighed by the advantages already mentioned. 
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The first part of this paper attempts to give a broad exposition of the 
theory of the reflex oscillator. This theoretical material provides a back- 
gtound for understanding particular problems arising in reflex oscillator 
design and operation. The second part of the paper describes a number 
of typical tubes designed at the Bell Telephone Laboratories and endeavors 
to show the relation between theory and practice. 

The theoretical work is presented first because reflex oscillators vary so 
widely in construction that theoretical results serve better than experi- 
mental results as a basis for generalization about their properties. While 
the reflex oscillator is simple in the sense that some sort of theory about it 
can be worked out, in practice there are many phenomena which are not 
included in such a theory. This leaves one in some doubt as to how well 
any simplified theory should apply.. Multiple transits of electrons, different 
drift times for different electron paths and space charge in the repeller 
region are some factors not ordinarily taken into account which, neverthe- 
less, can be quite important. There are other effects which are difficult to 
evaluate, such as distribution of current density in the beam, loss of elec- 
trons on grids or on the edges of apertures and dynamic focusing. If we 
could provide a theory including all such known effects, we would have a 
tremendous number of more or less adjustable constants, and it would not 
be hard to fit a large body of data to such a theory, correct or incorrect. 

At present. it appears that the theory of reflex oscillators is important in 
that it gives a semi-quantitative insight into the behavior of reflex oscilla- 
tors and a guide to their design. The extent to which the present theory 
or an extended theory will fit actual data in all respects remains to be seen. 

The writers thus regard the theory presented here as a guide in evaluating 
the capabilities of reflex oscillators, in designing such oscillators and in 
understanding the properties of such tubes as are described in the second 
part of this paper, rather than as an accurate quantitative tool. Therefore, 
the exposition consists of a description of the theory of the reflex oscillator 
and some simple calculations concerning it, with the more complicated 
mathematical work relegated to a series of chapters called appendices. 
It is hoped that this so organizes the mathematical work as to make it 
assimilable and useful, and at the same time enables the casual reader to 
obtain a clear idea of the scope of the theory. 


I, INTRODUCTION 
An idealized reflex oscillator is shown schematically in Fig. 1. It has, 
of course, a resonant circuit or ‘“‘resonator.”! This may consist of a pair of 
grids forming the “capacitance” of the circuit and a single turn toroidal 
' For a discussion of resonators, see Appendix I. It is suggested that the reader consult 


this before continuing with the main work in order to obtain an understanding of the circuit 
philosophy used and a knowledge of the symbols employed. 
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coil forming the “inductance” of the circuit. Such a resonator behaves 
just as do other resonant circuits. Power may be derived from it by means 
of a coupling loop linking the magnetic field of the single turn coil. An 
electron stream of uniform current density leaves the cathcde and is shot 
across the “gap” between the two grids, traversing the radio-frequency field 
in this gap in a fraction of a cycle. In crossing the gap the electron stream 
is velocity modulated; that is, electrons crossing at different times gain 
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Fig. 1.—An idealized reflex oscillator with grids, shown in cross-section. 


different amounts of kinetic energy from the radio-frequency voltage across 
the gap.2 The velocity mcdulated electron stream is shot toward a negative 
repeller electrode which sends it back across the gap. In the “drift space” 
between the gap and the repeller the electron stream becomes “‘bunched”” 
and the bunches of electrons passing through the radio frequency field in 
the gap on the return transit can give up power to the circuit if they are 
returned in the proper phase. 

2 The most energy any electron gains is 8V electron volts, where V is the peak radio 
frequency voltage across the gap and f is the “modulation coefficient” or “gap factor”, 


and is always less than unity. ¢ depends on gap configuration and transit angle across 
the gap, and is discussed in Appendix II. 
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The vital features of the reflex oscillator are the bunching which takes 
place in the velocity modulated electron stream in the retarding field be- 
tween the gap and the repeller and the control of the returning phase of the 
bunches provided by the adjustment of the repeller voltage. The analogy 
of Fig. 2 explains the cause of the bunching. The retarding drift field may 





RELATIVE HEIGHT ——> 








Fig. 2.—The motion of electrons in the repeller space of a reflex oscillator may be lik- 
ened to that of balls thrown upward at different times. In this figure, height is plotted 
vs time. Ifa ball is thrown upward with a large velocity of V; at a time 7), another with 
a smaller velocity at a later time 7) and a third with a still smaller velocity at a still later 
time 7, the three balls can be made to fall back to the initia] level at the same time. 
be likened to the gravitational field of the earth. The drift time is analogous 
to the time a ball thrown upwards takes to return. If the ball is thrown . 
upward with some medium speed 7, it will return in some time fy). If it is 
thrown upward with a low speed 2 smaller than 7 , the ball will return in 
some time 4 smaller than fo). If the ball is thrown up with a speed 1 
greater than 7, it returns in some time f2 greater than 4). Now imagine 
three balls thrown upward in succession, evenly spaced but with large, 
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medium, and small velocities, respectively As the ball first thrown up 
takes a longer time to return than the second, and the third takes a shorter 
time to return than the second, when the balls return the time intervals 
between arrivals will be less than between their departures. Thus time- 
position “bunching” occurs when the projection velocity with which a 
uniform stream of particles enters a retarding field is progressively decreased. 

Figure 3 demonstrates such bunching as it actually takes place in the 


retarding field of a reflex oscillator. An electron crossing the gap at phase A 
‘ 
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Fig. 3.—The drift time for transfer of energy from the bunched electron stream to the 
resonator can be deduced from a plot of gap voltage vs time. 


is equivalent to the first ball since its velocity suffers a maximum increase, 
an electron crossing at phase B corresponds to the ball of velocity 1 where 
for the electron Vo corresponds to the d.c. injection velocity, and finally an 
electron crossing at phase C corresponds to the third ball since it has suffered 
a maximum decrease in its velocity. The electrons tend to bunch about the 
electron crossing at phase B. To a first order in this process no energy is 
taken from the cavity since as many electrons give up energy as absorb it. 

The next step in the process is to bring back the grouped electrons in 
such a phase that they give the maximum energy to the rf. field. Now, 
4 of a cycle after the gap voltage in a reflex oscillator such as that shown in 
Fig. 1 is changing most rapidly from accelerating to retarding for electrons 


3 The reader is not advised to try this experimentally unless he has juggling experience. 
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going from the cathode, it has a maximum retarding value for electrons 
returning through the gap. This is true also for 13 cycles, 23 cycles, n + 2 
cycles. Hence as Fig. 3 shows if the time electrons spend in the drift space 
is n + 4 cycles, the electron bunches will return at such time as to give up 
energy to the resonator most effectively. 


II. Evecrronic ADMITTANCE—SIMPLE THEORY 


In Appendix III an approximate calculation is made of the fundamental 
component of the current in the electron stream returning through the gap 
of a reflex oscillator when the current is caused by velocity modulation 
and drift action in a uniform retarding field. The restrictive assumptions 
are as follows: 

(1) The radio-frequency voltage across the gap is a small fraction of the 
d-c accelerating voltage. 

(2) Space charge is neglected. Amongst other things this assumes no 
interaction between incoming and outgoing streams and is probably the 
most serious departure from the actual state of affairs. 

(3) Variations of modulation coefficient for various electron paths are 
neglected. 

(4) All sidewise deflections are neglected. 

(5) Thermal velocities are neglected. 

(6) The electron flow is treated as a uniform distribution of charge. 

(7) Only two gap transits are allowed. 

An expression for the current induced in the circuit (6 times the electron 
convection current) is 


‘ BVO\ | swt) 
= bh | ——)eé . 2.1 
1 oB)i (5 Vi (2.1) 
Here the current is taken as positive if the beam in its second transit across 
the gap absorbs energy from the resonator. The voltage across the gap 
at the time the stream returns referred to the same phase reference as the 





current is v = Ve?) Hence the admittance appearing in shunt 
with the gaps will be 
2108 a) 5€(x12)—0) 
Y. = — l= 2 2.2 
v Tt re @.2) 
For small values of V approaching zero this becomes 
2 
Pies To88 scsi _ ge) (2.3) 
2Vo 
_ 16°80 


y= Oy, (2.4) 
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Here we define Y,, as the small signal value of the admittance, and y. 
as the magnitude of this quantity. If we plot the function Y., in a complex 
admittance plane it takes the form of a geometric spiral as shown in Fig. 4. 
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Fig. 4.—The negative of the circuit admittance (the heavy vertical line) and the small 
signal electronic admittance (the spiral) are shown in a plot of susceptance vs conductance. 
Each position along the circuit admittance line corresponds to a certain frequency. Each 
position along the spiral corresponds to a certain drift angle. 


Such a presentation is very helpful in acquiring a qualitative understanding 
of the operation of a reflex oscillator. 

In Appendix I it is shown that the admittance of the resonant circuit in 
the neighborhood of resonance is very nearly 


Vr = Get j2MAw/w (2.5) 


where Gz is a constant. The negative of such an admittance has been 
plotted in Fig. 4 as the vertical line A’B’. Vertical position on this line is 
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proportional to the frequency at which the resonator is driven. The condi- 
tion for stable oscillation is 


(2.6) 











° 
° Os 1.0 15 20 25 30 35 40 
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Fig. 5.—Relative amplitude of electronic admittance vs the bunching parameter X 
The bunching parameter increases linearly with radio frequency gap voltage so that this 
curve shows the reduction in magnitude of electronic admittance with increasing voltage. 


We may rewrite (2.2) for any given value of @ as 





Ye = % FV) ee (2.7) 
where 
(8V6) 
wh 
F(V) = a = es (2.8) 
2Vo 
The quantity 
Ve 
X= - (2.9) 


is called the bunching parameter. A plot of the function F(V) vs X is 
shown in Fig. 5. For any given value of @ and for fixed operating conditions 
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it is a function of V only and its action is clearly to reduce the small signal 
value of the admittance until condition (2.6) is satisfied. It will be observed 
that this function affects the magnitude only and not the phase of the 
admittance. 

Thus, as indicated in Fig. 4, when oscillation starts the admittance is 
given by the radius vector of magnitude y., terminating on the spiral, 
and as the oscillation builds up this vector shrinks until in accordance with 
(12.6) it terminates on the circuit-admittance line A’B’, which is the locus 
of vectors (—Y). The electronic admittance vector may be rotated bya 
change in the repeller voltage which changes the value of 6. This changes 
the vertical intercept on line A’B’, and since the imaginary component of 
the circuit admittance, that is the height along 4’B’, is proportional to 
frequency, this means that the frequency of oscillation changes. It is this 
property which is known as electronic tuning. 

Oscillation will cease when the admittance vector has rotated to an angle 
such that it terminates on the intersection of the spiral and the circuit- 
admittance line A’B’. It will be observed that the greater is the number of 
cycles of drift the greater is the electronic tuning to extinction. While it is 
not as apparent from this diagram, it is also true that the greater the number 
of cycles of drift the greater the electronic tuning to intermediate power 
points. Vertical lines farther to the left correspond to heavier loads, and 
from this it is apparent that the electronic tuning to extinction decreases 
with the loading. By sufficient loading it is possible to prevent some repeller 
modes (i.e. oscillations of some » values) from occurring. Since losses in 
the resonant cavity of the oscillator represent some loading, some modes 
of low n value will not occur even in the absence of external loading. 


III. Power Propuction ror Drirr ANGLE or (n + 3) CycLEs 


Now, from equation (2.2) it may be seen that Y,, will be real and negative 
for 0 = 0, = (n+ 3)2m. Because @ also appears in the argument of the 
Besse] function this value of @ is not exactly the value to make the real 
component of Y, a maximum. However, for the reasonably large values 
of encountered in practical oscillators this is a justifiable approximation. 
Suppose, then, we consider the case of n + { cycles drift, calling this an opti- 
mum drift time. Using the value of as a parameter we plot the magni- 
tude of the radio-frequency electron current in the electron stream returning 
across the gap given by equation (2.1) as a function of the radio-frequency 
voltage across the gap. This variation is shown in Fig. 6. As might be 
expected, the greater the number of cycles the electrons drift in the drift 
space, the lower is the radio-frequency gap voltage required to produce a 
given amount of bunching and hence a given radio frequency electron 
current. It may be seen from Fig. 6 that as the radio-frequency gap voltage 


REFLEX OSCILLATORS 471 


is increased, the radio-frequency electron current gradually increases until a 
maximum value is reached, representing as complete bunching as is possible, 
after which the current decreases with increasing gap voltage. The maxi- 
mum value of the current is approximately the same for various drift times, 
but occurs at smaller gap voltages for longer drift times. 

The radio-frequency power produced is the voltage times the current. 
As the given maximum current occurs at higher voltages for shorter drift 
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Fig. 6.—Radio frequency electron convection current J and the radio frequency power 
given up by the electron stream can be plotted vs the radio frequency gap voltage V for 
various drift times measured in cycles. Maximum current occurs at higher voltage for 
shorter drift times. For a given number of cycles drift, maximum power occurs at a 
higher gap voltage than that for maximum current. If the power produced for a given 
drift time is higher at low voltages than the power dissipated in the circuit and load 
(dashed curve), the tube will oscillate and the amplitude will adjust itself to the point at 
which the power dissipation and the power production curves cross. 
times, the maximum power produced will be greater for shorter drift times. 
This is clearly brought out in the plots of power vs. voltage shown in Fig. 6. 

The power dissipated in the circuits and lead will vary as the square of 
the radio-frequency voltage. Part of this power will go into the load coupled 
with the circuit and part into unavoidable circuit losses. A typical curve 
of power into the circuit and load vs. radio-frequency voltage is shown in 
Fig. 6. Steady oscillation will take place at the voltage for which the power 
production curve crosses the power dissipation curve. For instance, in 


Fig. 6 the power dissipation curve crosses the power production curve for 
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13 cycles drift at the maximum or hump of the curve. This means that 
the circuit impedance for the dissipation curve shown is such as to result in 
maximum production of power for 1} cycles drift. For 2 cycles drift and 
for longer drifts, the power dissipation curve crosses the power preduction 
curves to the right of the maximum and hence the particular circuit loading 
shown does not result in maximum power production for these longer drift 
times. This is an example of operation with lighter than optimum load. 
The power dissipation curve might cross the power production curve to 
the left of the maximum, representing a condition of too heavy loading for 
production of maximum power output. The power dissipation curve in 
Fig. 6 lies always above the power production curve for a drift of 4 cycles. 
This means that the oscillator for which the curves are drawn, if loaded to 
give the power dissipation curve shown, would not oscillate with the short 
drift time of 4 cycles, corresponding to a very negative repeller voltage. 

In general, the conclusions reached by examining Fig. 6 are borne out in 
practice. The longer the drift time, that is, the less negative the repeller, 
the lower is the power output. For very negative repeller voltages, how- 
ever, corresponding to very short drift times, the power either falls off. 
which means that most of the available power is dissipated in circuit losses, 
or the oscillator fails to operate at all because, for all gap voltages, the power 
dissipated in circuit losses is greater than the power produced by the elec- 
tron stream. 

Having examined the situation qualitatively, we want to make a some- 
what more quantitative investigation, and to take some account of circuit 
losses. In the course of this we will find two parameters are very important. 
One is the parameter X previously defined by equation (2.9), which ex- 
presses the amount of bunching the beam has undergone. In considering a 
given tube with a given drift time, the important thing to remember about 
X is that it is proportional to the r-f gap voltage V. For @ = 0, expression 
(2.2) is a pure conductance and we can express the power produced by the 
electron stream as one half the square of the peak r-f voltage times the cir- 
cuit conductance which for stable oscillation is equal to the negative of the 
electronic conductance given by (2.2). This may be written with the aid 
of (2.9) as 


P = 2(IoVo/Ox)XIi(X). (3.1) 


Suppose we take into account the resonator losses but not the power lost 
in the output circuit, which in a well designed oscillator should be small. 
If the resonator has a shunt resonant conductance (including electronic 
loading) of Gr , the power dissipated in the resonator is 


Pr = VG 2/2. (3.2) 
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Then the power output for @, is 








P = 2(LoV0/On)XIi(X) — V°Gx/2. (3.3) 
The efficiency, 7, is given by 
eae 222 — 62629") 
Pp Aberes ive |" (3.4) 
From (2.4) and (2.9) 
6,V? + se 
=_— xX. i 
Vo ye (3.5) 
Hence we may write 
ss 1 4 Gr X? 
= wayp t| x a. (3.6) 


Let us write» = i where N = (n+ 4). We may now make a generalized 


examination of the effect of losses on the efficiency by examining the function 
H = (1/a)[XJi(X) — (Gn/y.)X?/2]. (3.7) 


Thus, the efficiency for 9 =8, is inversely proportional to the number of 
cycles drift and is prcpotional to a factor H which is a function of X and 
of the ratio Gz/y-, that is, the ratio of resonator loss conductance to small 
signal electronic conductance.! For » + $ cycles drift, the small signal 
electronic conductance is equal to the small signal electronicadmittance. 

For a given value of Gr/y. there is an optimum value of X for which H 
has a maximum H,,. We can obtain this by differentiating (3.7) with 
respect to X and setting the derivative equal to zero, giving 


XJo(X) — (Gr/y)X = 0 


3.8 
Jo(X) = (Gr/ye)- 8) 


If we put values from this into (3.7) we can obtain Hy, as a function of 
Gr/ye. This is plotted in Fig. 7. The considerable loss of efficiency for 
values of Gz/y, as low as .1 or .2 is noteworthy. It is also interesting to 
note that for Gr/y. equal to 3, the fractional change in power is equal to 
the fractional change in resonator resistance, and for Gr/y, greater than 4, 
the fractional power change is greater than the fractional change in resonator 
resistance. This helps to explain the fall in power after turn-on in some 
tubes, for an increase in temperature can increase resonator resistance 
considerably. 


4 An electronic damping term discussed in Appendix VIII should be included in resona 
tor losses. The electrical loss in grids is discussed briefly in Appendix IX. 
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In the expression for the admittance, the drift angle, 6, appears as a fac- 
tor. This factor plays a double role in that it determines the phase of the 
admittance but also in a completely independent manner it determines, 
in part, the magnitude of the admittance. 6 as it has appeared in the 
foregoing analysis, which was developed on the basis of a linear retarding 
field, is the actual drift angle in radians. As will be shown ina later section, 
certain special repeller fields may give effective drift action for a given angle 
greater than the same angle in a linear field. Such values of effective drift 
angle may have fractional optimum values although the phase must still be 
such as to give within the approximations we have been using a pure con- 
ductance at optimum. In order to generalize the following work we will 
speak of an effective drift time in cycles, Nz = FN, where N is the actual 
drift time in cycles, » + $, and F is the mumber of times this drift is more 
effective than the drift in a linear field. 

Suppose we have a tube of given §?, I) , Vo and resonator loss Gz and wish 
to find the optimum effective drift time, FN, and determine the effect on the 
efficiency of varying FN. It will be recalled that for very low losses we may 
expect more power output the fewer the number of cycles drift. How- 
ever the resonator losses may cut heavily into the generated power, for 
short drift angles. With short drift angles the optimum load conductance 
becomes small compared to the loss conductance so that although the | 
generated power is high only a small fraction goes to the usefulload. There 
is, therefore, an optimum value which can be obtained using the data of 
Fig. 7. We define a parameter 


2Vo 
=—% 3. 
K Fle Ga (3.9) 
which compares the resonator loss conductance with the small signal elec- 


tronic admittance per radian of driftan gle. Then in terms of K, # = ‘. 
le 
Hence, for a fixed value of K, various values of 6 = 2rFN define values of 


Gu When one uses these values in connection with Fig. 7 he determines 
Ye * 


H, 
the corresponding values of H,, and hence the efficiency, 7 = Fy" These 


values of 7 are plotted against FN as in Fig. 8 with values of K as a param- 
eter. In this plot K is a measure of the lossiness of the tube. The opti- 
mum drift angle for any degree of lossiness is evident as the maximum 
of one of these curves. 

The maximum power outputs in various repeller modes, = 0, 1 etc. 
and the repeller voltages for these various power outputs correspond to 
discrete values of » and FN lying along a curve for a particular value of K. 
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Thus, the curves illustrate the variation of power from mode to mode‘as the 
repeller voltage is changed over a wide range. ; 

Changes in resonator loss or differences in loss between individual tubes 
of the same type correspond to passing from a curve for one value of K toa 
curve for another value of K. ' 


O50, 
040 





030 





0.20 





3° 
a 





eee 
8 & 





EFFICIENCY FACTOR, Hm 


e 
3° 
oS 





0.02 






































Fig. 7.—Efficiency factor Hm vs the ratio of resonator loss conductance to the small 
signal electronic admittance. Efficiency changes rapidly with load as the loss conductance 
approaches in magnitude the small signal electronic admittance. The efficiency is in- 
versely proportional to the number of cycles drift. 


It will be observed from this that although, from an efficiency standpoint, 
it is desirable to work at low values of drift time such low drift times lead 
to an output strongly sensitive to changes in resonator losses. 

Perhaps the most important question which the user of the oscillator may 
ask with regard to power production for optimum drift is; what effect does 
the externa] load have upon the performance? If we couple lightly to the 
oscillator the r-f voltage generated will be high but the power will not be 
extracted. If we couple too heavily the voltage will be low, the beam will 
not be efficiently modulated and the power output will be low. There is 
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apparently an optimum loading. Best output is not obtained when the 
external load matches the generator impedance as in the case of anamplifier. 
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Fig. 8.—Efficiency in per cent vs the effective cycles drift for various values of a para- 
meter K which is proportional to resonator loss. These curves indicate how the power 
output differs for various repeller modes for a given loss. Optimum power operating 
points will be represented by points along one of these curves. For a very low loss resona- 
tor, the power is highest for short drift times and decreases rapidly for higher repeller 
modes. Where there is more loss, the power varies less rapidly from mode to mode. 


° iu 


We return to equation (3.7) for H and assume that we are given various 


values of Gr With these values as parameters we ask what variation in 
Ye 

efficiency may be expected as we vary the ratio of the load conductance, 

Gr + Gr = 1 oscillation 


G_, to the small signal admittance, ye. When — 7 
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will just start and no power output will be obtained. We can state the 
general condition for stable operation as Y, + Ve = 0, where V¢ is the 
vector sum of the load and circuit admittances. For the optimum drift 
time this becomes 
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Fig. 9.—Efficiency parameter H vs the ratio of load conductance to the magnitude of 
the smal] signal electronic admittance. Curves are for various ratios of resonator loss 
conductance to small signal electronic admittance. The curves are of similar shapes and 
indicate that the tube will cease oscillating (H = 0) when loaded by a conductance about 
io ice as large as that for optimum power. 


where 


Ge _Gi+Ge 


(3.11) 
Ye Ve 


. Gr G, 
Hence for a given value of — we may assume values for — between zero 


and 1 — & and these in (3.11) will define values of X. These values of Y 
e 

substituted in (3.7) will define values of H which we then plot against the 

assumed values for Gr as in Fig. 9. Thus we have the desired function of 


le 


the variation of efficiency factor against load. 
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From the curves of Fig. 9 it can be seen that the maximum efficiency is 
obtained when the external conductance is made equal to approximately 
half the available small signal conductance; i.e. 3(ye — Gr). This can 
be seen more clearly in the plot of Fig. 10. Equation (3.8) gives the condi- 
tion for maximum efficiency as : 








Fig. 10.—The abscissa measures the fractional excess of electronic negative conductance 
over resonator loss conductance. The ordinate is the load conductance as a fraction of 
electronic negative conductance. The tube will go out of oscillation for a load conductance 
such that the ordinate is equal to the abscissa. The load conductance for optimum power 
output is given by the solid line. The dashed line represents a load conductance half as 
great as that required to stop oscillation. 


‘ G i 
If we assume various values for — these define values‘of Xo which when 
le 


substituted in 


Ye Ye Ye 0 


give the value of the external load for optimum power. We plot these data 
against the available conductance 


(: a) =e STG) (3.13) 





Gi _ Ge _ Gr _ oo — Jo(Xo) (3.12) 


as shown in Fig. 10. 

In Fig. 10 there is also shown a line through the origin of slope 1/2. 
Tt can thus be seen that the optimum load conductance is slightly less than. 
half the available small signal or starting conductance. This relation is: 
independent of the repeller mode, i.e. of the value FIV. This does not mean 
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that the load conductance is independent of the made, since we have ex- 
pressed all our conductances in terms of y,, the small signal conductance, 
and this of course depends on the mode. What it does say is that, regard- 
less of the mode, if the generator is coupled to the load conductance for 
maximum output, then, if that conductance is slightly more than doubled 
oscillation will stop. It is this fact which should be borne in mind by the 
circuit designer. If greater margin of safety against “‘pull out” is desired 
it can be obtained only at the sacrifice of efficiency. 
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Fig. 11.—The ratio of total circuit conductance for optimum power to small signal 
eierOne admittance, vs the ratio of resonator loss conductance to small signal electronic 
admittance. 


An equivalent plot for the data of Fig. 10, which will be of later use, is 


shown in Fig. 11. This gives the value of & for best output for various 
le 


values of Ge : 


le 
IV. Errect oF APPROXIMATIONS 


The analysis presented in Section II is misleading in some respects. For 
instance, for a lossless resonator and N = $ cycles, the predicted efficiency 
is 53%. However, our simple theory tells us that to get this efficiency, the 
radio-frequency gap voltage V multiplied by the modulation coefficient 8 
(that is, the energy change an electron suffers in passing the gap) is 1.018Vo . 
This means that (a) some electrons would be stopped and would not pass the 
gap (b) many other electrons would not be able to pass the gap against a 
retarding field after returning from drift region (c) some electrons would 
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cross the gap so slowly that for them 8 would be very small and their effect 
on the circuit would also be small (d) there might be considerable loading of 
the resonator due to transit time effects in the gap. Of course, it is not 
justifiable to apply the small signal theory in any event, since it was derived 
on the assumption that BV is small compared with Vo. 

In Appendix IV there is presented a treatment by R. M. Ryder of these 
Laboratories in which it is not assumed that BV«V,). This work does 
not, however, take into account variation of 8 with electron speed or the 
possibility of electrons being turned back at the gap. 

For drift angles of 1% cycles and greater, the results of Ryder’s analysis 
are almost indistinguishable from those given by the simple theory, as may 
be seen by examining Figs. 128-135 of the Appendix. His curves approach 
the curves given by the simple theory for large values of n. 

For small values of x, and particularly for } cycles drift, Ryder’s work 
shows that optimum power is obtained with a drift angle somewhat different 
from n + 4 cycles. Also, Fig. 131 shows that the phase of the electronic 
admittance actually varies somewhat with amplitude, and Fig. 130 shows 
that its magnitude does not actually pass through zero as the amplitude is 
increased. 

The reader is also referred to a paper by A. E. Harrison.” 

The reader may feel at this point somewhat uneasy about application of 
the theory to practice. In most practical reflex oscillators, however, the 
value of 1 is 2 or greater, so that the theory should apply fairly well. There 
are, however, so many accidental variables in practical tubes that it is well 
to reiterate that the theory serves primarily as a guide, and one should not 
expect quantitative agreement between experiment and theory. This will 
be apparent in later sections, where in a few instances the writers have made 
quantitative calculations. 


V. SpectaL Drirr Fretps 

In the foregoing sections a theory for a reflex oscillator has been developed 
on the assumption that the repeller field is a uniform retarding electrostatic 
field. Such a situation rarely occurs in practice, partly because of the diffi- 

Bare .. 

culty of achieving such a field and partly because such a field may not return 
the electron stream in the manner desired. In an effort to get some in- 
formation concerning actual drift fields, we may extend the simple theory 
already presented to include such fields by redefining X as 


X = BVFO/2Vo. (5.1) 


Here the factor F is included. As defined in Section /// this is the factor 
which relates the effectiveness of a given drift field in bunching a velocity 


6 A. E. Harrison, “Graphical Methods for Analysis of Velocity Modulation Bunching,”’ 
Proc. 1.R.E., 33.1, pp. 20-32, June 1945. 
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modulated electron stream with the bunching effectiveness of a field with 
the same drift angle @ but with a linear variation of potential with distance. 
Suppose, for instance, that the variation of transit time, 7, with energy 
gained in crossing the gap V is for a given field 


d7r/aV (5.2) 
and for a linear potential variation and the same drift angle 
(d7/AV);. (5.3) 
Then the factor F is defined as 
F = (01/8V)/(01/8V)1. (5.4) 


In appendix V, F is evaluated in terms of the variation of potential with 
distance. 

The efficiency is dependent on the effectiveness of the drift action rather 
than on the total number of cycles drift except cf course for the phase re- 
quirements. Thus, for a nonlinear potential variation in the drift space 
we should have instead of (3.7) 


n = H/FN. (5.5) 


In the investigation of drift action, one procedure is to assume a given 
drift field and try to evaluate the drift action. Another is to try to find a 
field which will preduce some desirable kind of drift action. As a matter 
of fact, it is easy to find the best possible drift field (from the point of view 
of efficiency) under certain assumptions. 

The derivation of the optimum drift field, which is given in appendix VII, 
hinges on the fact that the time an electron takes to return depends only on 
the speed with which it is injected into the drift field. Further, the varia- 
tion in modulation coefficient for electrons returning with different speeds 
is neglected. With these provisos, the optimum drift field is found to be 
one in which electrons passing the gap when the gap voltage is decelerating 
take m radians to return, and electrons which pass the gap when the voltage 
is accelerating take 2m radians to return, as illustrated graphically in Fig. 
136, Appendix VII. A graph of potential vs. distance from gap to achieve 
such an ideal drift action is shown in Fig. 137 and the general appearance of 
electrodes which would achieve such a potential distribution approximately 
is shown in Fig. 138. 

With such an ideal drift field, the efficiency of an oscillator with a lossless 
resonator is 


ni = (2/4)(BV/Vo). (5.6) 
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For a linear potential variation in the drift space, at the optimum r-f gap 
voltage, according to the approximate theory presented in Section IIT the - 
efficiency for a lossless resonator is 


n = (.520)(8V/Vo). (5.7) 


Comparing, we find an improvement in efficiency for the ideal drift field in 
the ratio 


ai/n = 1.23, (5.8) 


or only about 20%. Thus, the linear drift field is quite effective. The 
ideal drift field does have one advantage; the bunching is optimum for all 
gap voltages or, for a given gap voltage, for all modulation coefficients since 
ideally an infinitesimal a-c voltage will change the transit time from 7 to 2r 
and completely bunch the beam. This should tend to make the efficiency 
high despite variations in 6 over various parts of the electron flow. The 
limitation imposed by the fact that electrons cannot return across the gap 
against a high voltage if they have been slowed up in their first transit across 
the gap remains. 

This last mentioned limitation is subject to amelioration. In one type of 
reflex oscillator which has been brought to our attention the electrons cross 
the gap the first time in a region in which the medulation coefficient is small. 
Tf the gap has mesh grids, a hole may be punched in the grids and a beam of 
smaller diameter than the hole focussed through it. Then the beam may be 
allowed to expand and recross a narrow portion of the gap, where the modula- 
tion coefficient is large. Thus, in the first crossing no electrons lose much 
energy (because @ is small) and in the second crossing all can cross the gap 
where BV is large and hence can give up a large portion of their energy, 


VI. Execrronic Gap LoapiInc 


So far, attention has been concentrated largely on electronic phenomena 
in the drift or repeller region. To the long transit time across the gap 
there has been ascribed merely a reduction in the effect of the voltage on the 
electron stream by the modulation coefficient 8. Actually, the long transit 
across the gap can give rise to other effects. 

One of the most obvious of these other effects is the production of an elec- 
tronic conductance across the gap. If it is positive, such a conductance 
acts just as does the resonator loss conductance in reducing the power out- 
put. Petrie, Strachey and Wallis of Standard Telephones and Cables have 
treated this matter in an interesting and rather general way. Their work, 
in a slightly modified form, appears in Appendix VIII, to which the reader 
is referred for details. 


REFLEX OSCILLATORS 483 


The work tells us that, considering longitudinal fields only, the electron 
flow produces a small signal conductance component across the gap 


= TeX OB 
Get = 4Vo ay (6.1) 
@ 
1 (6.2) 


Here 8 is the modulation coefficient and wo is the electron speed. J and 
Vy are beam current and beam voltage. If the gap has a length d, the 
transit angle across it is @, = yd and (6.1) may be rewritten 


To. 08° 


Gu = —7y, 36, 


(6.3) 
It is interesting to compare this conductance with the magnitude of the 
small-signal electronic admittance, y.. In doing so, we should note that 
the current crosses the gap twice, and on each crossing produces an elec- 
tronic conductance. Thus, the appropriate comparison between loss con- 
ductance and electronic admittance is 2G.1/y.. Using (6.3) we obtain 
2 
2Gu/y = ao (64) 
Usually, the drift angle @ is much larger than the gap transit angle 6,. 
Further, if we examine the curves for mcdulation coefficient 8 which are 
given in Appendix II, we find that (46?/00,)/8? will not be very large. Thus, 
we conclude that in general the total loss conductance for longitudinal fields 
will be small compared with the electronic admittance. An example in 
Appendix VIII gives (2G.1/y-) as about 1/10. It seems that this effect 
will probably be less important than various errors in the theory of the reflex 
oscillator. 

Even though this electronic gap loading is not very large, it may be in- 
teresting to consider it further. We note, for instance, that the conductance 
G.1 is positive when 6? decreases as gap transit angle increases. For paral- 
lel fine grids this is so from 6, = 0 to 6, = 2m (see Fig. 119 of Appendix II). 
At 6, = 2m, where 8 = 0, 06°/00, = 0, and the gap loading is zero. Ina 
region beyond @, = 2m, 067/00, becomes positive and the gap conductance 
is negative. Thus, for some transit angles a single gap can act to produce 
oscillations. For still larger values of 6,, Ge; alternates between positive 
and negative. Gap transit angles of greater than 27 are of course of little 
interest in connection with reflex oscillators, as for such transit angles 6 is 
very small. 

For narrow gaps with large apertures rather than fine grids, 06°/d0, 
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never becomes very negative and may remain positive and the gap loading 
conductance due to longitudinal fields be always pcsitive. In such gaps, 
however, transverse fields can have important effects, and (6.3) no longer 
gives the total gap conductance. Transverse fields act to throw electrons 
approaching the gap outward or inward, into stronger or weaker longitudinal 
fields, and in this manner the transverse fields can either cause the electrons 
to give up part of their forward velocity, transferring energy to the reso- 
nator, or to pick up forward velocity, taking energy from the resonator. 
An analysis of the effect of transverse fields is given in Appendix VIII, and 
this is applied in calculating the total conductance, due both to longitudinal 
and to transverse fields, of a short gap between cylinders with a uniform cur- 
rent density over the aperture. It is found that the transverse fields con- 
tribute a minor part of the total conductance, and that this contribution 
may be either positive or negative, but that the total gap conductance is 
always positive (see Appendix VIII, Fig. 140). 

The electron flow across the gap produces a susceptive component of 
admittance. This susceptive component is in general more difficult to cal- 
culate than the conductive component. It is not very important; it serves 
to affect the frequency of oscillation slightly but not nearly so much as a 
small change in repeller voltage. 

Besides such direct gap loading, the velocity modulation and drift action 
within a gap of fine grids actually produce a small bunching of the electron 
stream. In other words, the electron stream leaving such a gap is not only 
velocity modulated but it has a small density modulation as well. This 
convection current will persist (if space-charge debunching is not serious) 
and, as the electrons return across the gap, it will constitute a source of elec- 
tronic admittance.: We find however, that in typical cases (see Appendix 
VIII, (h59)~(h63)), this effect is small and is almost entirely absent in gaps 
with coarse grids or large apertures. 

Secondary electrons produced when beam electrons strike grid wires and 
grid frames or gap edges constitute another source of gap loading. It has 
been alleged that if the frames supporting the grids or the tubes forming a 
gap have opposed parallel surfaces of width comparable to or larger than the 
gap spacing, large electron currents can be produced through secondary 
emission, the r-f field driving electrons back and forth between the opposed 
surfaces. It would seem that this phenomenon could take place only at 
quite high r-f levels, for an electron would probably require of the order of 
100 volts energy to produce more than one secondary in striking materials 
of which gaps are usually constructed. ; 


VII. ELectronic TuNINGC—ARBITRARY Drirt ANGLE 


So far, the ‘‘on tune” oscillation of reflex oscillators has been considered 
except for a brief discussion in Section IJ, and we have had to deal only with 
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real admittances (corductances). In this secticn the steady state operation 
in the case of complex circuit and electronic admittances will be discussed. 
The general condition fer escillation states that, breaking the circuit at any 
point the sum of the admittances lcoking in the two directions is zero, Par- 
ticularly, the electronic admittance Y, looking from the circuit to the 
electron stream, must be minus the circuit admittance Yc , looking from the 
electron stream to the circuit. Here electronic admittance is used in the 
sense of an admittance averaged over a cycle of oscillation and fulfilling the 
above condition. 

It is particularly useful to consider the junction of the electron stream 
and the circuit because the electronic admittance Y’, and the circuit admit- 
tance Yc have very different properties, and if conditions are considered 
elsewhere these prcperties are somewhat mixed and full advantage cannot 
be taken of their difference. 

The average electronic admittance with which we are concerned is a 
function chiefly of the amplitude of cscillation. Usually its magnitude 
decreases with increasing amplitude of oscillation, and its phase may vary 
as well, although this is a large signal effect not shown by the simple theory. 
In reflex oscillators the phase may be controlled by changing the repeller 
voltage. The phase and magnitude of the electronic admittance also vary 
with frequency. Usually, however, the rate of change with frequency is 
slow compared with that of the circuit admittance in the vicinity of any one 
resonant mode. By neglecting this change of electronic admittance with 
frequency in the following work, and concentrating our attention on the 
variation with amplitude and repeller voltage, we will emphasize the im- 
portant aspects without serious error. However, the variation of electronic 
admittance with frequency should be kept in mind in considering behavior 
over frequency ranges of several per cent.° 

The circuit admittance is, of course, independent of amplitude and is a 
rapidly varying function of frequency. It is partly dependent on what is 
commonly thought of as the resonator or resonant circuit of the oscillator, 
but is also profoundly affected by the load, which of course forms a part of 
the circuit seen from the electron stream. The behavior of the oscillator is 
determined, then, by the electronic admittance, the resonant circuit and 
the load. The behavior due to circuit and load effects applies generally 
to all oscillators, and the simplicity of behavior of the electronic admittance 
is such that similarities of behavior are far more striking than differences. 

We have seen from Appendix I that at a frequency Aw away from the 
resonant frequency wo where Aww», the admittance at the gap may be 
expressed as: 

Ve = Ge + j2MAw/wo. (7.1) 


6 Appendix IV discusses the variation of phase with frequency and repeller voltage. 
The variation of phase of electronic admittance with frequency is included in Section IX A. 
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Here the quantity M is the characteristic admittance of the resonator, 
which depends on resonator shape and is unaffected by scaling from one 
frequency to another. Gc is the shunt conductance due to circuit and to 
load. Yc as given by (7.1) represents to the degree of approximation re- 
quired the admittance of any resonant circuit and load with only one 
resonance near the frequency of oscillation. 

It is profitable to consider again in more detail a complex admittance 
plot similar to Fig. 4. In Fig. 12 the straight vertical line is a plot of (7.1). 





a--Ye = Ye (24; (K)/X) e-J4° 





SUSCEPTANCE, B 
° 








CONDUCTANCE, G—> 


Fig. 12.—The resonator and its load can be represented as a shunt resonant circuit 
with a shunt conductance G. For frequencies near resonance, the conductance is nearly 
constant and the susceptance B is proportional to frequency, so that when susceptance is 
plotted vs conductance, the admittance Y is a vertical straight line. The circles mark off 
equal increments of frequency. The electronic admittance is little affected by frequency 
but much affected by amplitude. Tne negative of an electronic admittance Y, having a 
constant phase angle Aé@ is shown in the figure. The dots mark off equal amplitude steps. 
Oscillation will occur at a frequency and amplitude specified by the intersection of the 
curves Y and —¥,. 


The circles mark equal frequency increments. Now if we neglect the varia- 
tion of the electronic admittance with phase, then the negative of the small 
signal electronic admittance on this same plot will be a vector, the Iccus of 
whose termination will be a circle. The vector is shown in Fig. 12. The 
dots mark off admittance values corresponding to equal amplitude incre- 
ments as determined by the data of Fig. 5. 

Steady oscillation will take place at the frequency and amplitude repre- 
sented by the intersection of the two curves. If the phase angle A@ of the 
—Y-curve is varied by varying the repeller voltage, the point of intersection 
will shift on both the Y¢ curve and the —Y, curve. The shift along the 
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Yc curve represents a change in frequency of oscillation; the shift along the 
—Y, curve represents a change in the amplitude of oscillation. If we know 
the variation of amplitude with position along the — Y, curve, and the varia- 
tion of frequency with position along the Y¢ curve, we can obtain both the 
amplitude and frequency of oscillation as a function of the phase of —Y,., 
which is in turn a function of repeller voltage. 

From (2.3) and (2.7) we can write — Y, in terms of the deviation of drift 
angle A@ from n + 4 cycles. 


—Ve = yel2Ii(X)/X)e™*. (7.2) 


The equation relating frequency and A@ can be written immediately from 
inspection of Fig. 12. 


2MAw/wo = —Ge tan Ad 
Aw/wo = —(Gc/2M) tan Ad (7.3) 
Aw/wo = —(1/2Q) tan Aé. 


Here Q is the loaded Q of the circuit. 

The maximum value of Aé for which oscillation can occur (at zero ampli- 
tude) is an important quantity. From Fig. 12 this value, called Abo , is 
obviously given by 


cos Ady = Ge/Ye = (Gc/M)(M/y) (7.4) 
= (M/y.)/Q. 
From this we obtain 
tan Ado = + (@*(y-/M)? —1)}. (7.5) 

By using (7.3) we obtain 

(Aw/o)o = + (3) (ye/M) (1 — (M/y.0)?)4 (7.6) 
or 

(Aw/w0)o = -(4) (ye/M) (1 — (Ge/y.)*)*. (7.7) 


These equations give the electronic tuning from maximum amplitude of 
oscillation to zero amplitude of oscillation (extinction). 
The equation relating amplitudes may be as easily derived from Fig. 12, 


Gi, + (2MAw/w)? = ye (251(X)/X)? (7.8) 
at 
Aw = 0 let X = Xo. Then 


Awo/ey = (ye/2M) ((2F(X)/X)? — (2i(X0)/Xo)?)*. (7.9) 
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It is of interest to have the value of Aw/wo at half the power for Aw = 0. 
At half power, X = Xo/V/2, so 


(Aww/ee0) = (ye/2M)((2Ix(Xo/-V/2)/(X0/-V2))? — (2Ii(Xo)/Xo)?)*. (7.10) 


For given values of modulation coefficient and Vo, X is a function of the 
r-f gap voltage V and also of drift angle and hence of A@, or repeller voltage 
(see Appendix IV). For the fairly large values of @ typical of most reflex 
oscillators, we can neglect the change in X due directly to changes in A@, 
and consider X as a direct measure of the r-f gap voltage V. Likewise 
ye is a function of drift time whose variation with A@ can and will be dis- 
regarded. Hence from (7.9) we can plot (X/Xo)? vs. Aw/wo and regard this 
as a representation of normalized power vs. frequency. 

Let us consider now what (7.3) and (7.9) mean in connection with a given 
reflex oscillator. Suppose we change the load. This will change Q in 
(7.3) and X» in (7.9). From the relationship previously obtained for the 
condition for maximum power output, Gr/ye = Jo(Xo), we can find the 
value of Xp that is, X at Aw = 0, for various ratios of Gr/y.. ForGr = 0 
(zero resonator loss) the optimum power value of Xq is 2.4. When there is 
some resonator loss, the optimum total conductance for best power output 
is greater and hence the optimum value of Xo is lower. 

In Fig. 13 use is made of (7.3) Aw/wo in plotted vs. A@ (which decreases 
as the repeller is made more negative) for several values of Q, and in Fig. 14, 
(7.9), is used to plot (X/Xo)? vs. (2M/y.)Aw/wo , which is a generalized 
electronic tuning variable, for several values of Xp. These curves illustrate 
typical behavior of frequency vs. drift angle or repeller voltage and power 
vs. frequency for a given reflex oscillator for various lcads. In practice, 
the S shape of the frequency vs. repeller voltage curves for light loads 
(high Q) is particularly noticeable. The sharpening of the amplitude vs. 
frequency curves for light loads is also noticeable, though of course the cusp- 
like appearance for zero load and resonator loss cannot be reprcduced ex- 
perimentally. It is important to notice that while the plot of output vs. 
frequency for zero load is sharp topped, the plot of output vs. repeller volt- 
age for zero load is not. 

Having considered the general shape of frequency vs. repeller voltage 
. curves and power vs. frequency curves, it is interesting to consider curves of 

electronic tuning to extinction ((Aw/«)o) and electronic tuning to half pewer 
((Aw/wo)4) vs. the loading parameter, (M/y.Q) = Gc/y-. Such curves are 
shown in Fig. 15. These curves can be obtained using (7.7) and (7.10). 
In using (7.10) X can be related to G-/y, by the relation previously derived 
from 2J;(X)/X = Gc/y. and given in Fig. 5 as a function of X. It is to 
be noted that the tuning to the half power point, (Aw/w), , and the tuning 
to the extinction point, (Aw/wo)o, vary quite differently with loading. 
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Fig. 13.—A parameter proportional to electronic tuning plotted vs deviation from 
optimum drift angle A@ for various values of loaded Q. For oer values of Q, the fre- 
quency varies rapidly and almost linearly with 49. For high values of Q, the frequency 
curve is S shaped and frequency varies slowly with Ad for small values of Ad. 
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Fig. 14.—The relative power output vs a parameter proportional to the frequency 
deviation caused by electronic tuning, for various values of load. For zero loss and zero 
load, the curve is peaked. For zero loss and optimum load, the curve has its greatest 
width between hali power points. For zero loss and greater than optimum load, the curve 
is narrow. 
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The quantity 
(Aw/wo) 4 


has a maximum value at Gc/y. = .433(X = 2.40), which is the condition 
for maximum power output when the resonator loss is zero. 

In Fig. 11 we have a plot of Gc/y- vs. Gr/ye for optimum loading (that 
is loading to give maximum power for A@ = 0). This, combined with the 
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Fig. 15.—A parameter proportional to electronic tuning range vs the ratio of total 
circuit conductance and small signal electronic admittance. The. electronic tuning 
to extinction (Aw/wo)o is more affected by loading than the electronic tuning to half power 
points (Aw/co)s . 
curves of Fig. 15, enables us to draw curves in the case of optimum loading 
for electronic tuning as a function of the resonator loss. Such curves are 
shown in Fig. 16. 

From Fig. 16 we see that with optimum loading it takes very large reso- 
nator losses to affect the electronic tuning range to half power very much, 
and that the electronic tuning range to extinction is considerably more 
affected by resonator losses. Turning back to Fig. 7, we see that power is 
affected even more profoundly by resonator losses. It is interesting to 
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compare the effect of going from zero loss to a case in which the Icss con- 
ductance is } of the small signal electronic conductance (Gz = y-/2). The 
table below shows the fraction to which the power or efficiency, the elec- 








0.8 











eae ee 
Nos aA fas==, 
= 











0.3 





0.2 





ON 



































o 

oor o2 03 O04 O5 06 O07 086 09 1.0 
2M. 22 Sa 
YeQo Ye 


Fig. 16.—The effect of resonator loss on electronic tuning in an oscillator adjusted for 
optimum power output at the center of the electronic tuning range. A parameter pro- 
portional to electronic tuning is plotted vs the ratio of the resonator loss to small signal 
electronic admittance. The electronic tuning to extinction is more affected than the 
electronic tuning to half power as the loss is changed. 


tronic tuning range to extinction, and the electronic tuning range to half 
power are reduced by this change. 








Power, Rictency (a) Electronic ‘Tusioe to Extinction | Electronic Susie 7° Half Power 
24 76 88 





From this table it is obvious that efforts to control the electronic tuning by 


‘ Phe 3 é ‘ 
varying the ratio —* are of dubious merit. 
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One other quantity may be of some interest; that is the phase angle of 
electronic tuning at half power and at extinction. We already have an 
expression involving AQ (the value at extinction) in (7.4). By taking ad- 
vantage of (3.10) and (3.8) (Figs. 5 and 11), we can obtain Ado vs. Ce/e 
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Fig. 17.—The phase of the drift angle for extinction and half power vs the ratio o 
resonator loss to small signal electronic admittance. 


(=M/Qy.) for optimum loading. By referring to Fig. 12 we can obtain the 
relation for A@, (the value at half power) 


Go = ye [2Is(Xo/V2)/(X0/2)] cos A0,.” (7.11) 
However, we have at A@ = 0 
Ge = Ve [2Ii(Xo0)/Xo]. (7.12) 
Hence 
IX 
apse (7.13) 


cos Ah = V2di(Xo//2)" 


Again, from (3.10) and (3.8) we can express Xo for optimum power at A@ = 
0 in terms of G-/y.. In Fig. 17, A@o and A@ are plotted vs. Gc/¥y, for 
optimum loading. 
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VII. Hysteresis 


All the analysis presented thus far would indicate that if a reflex oscillator 
is properly coupled to a resistive load the power output and frequency will 
be single-valued functions of the drift time or of the repeller voltage, as 
illustrated in Fig. 18. During the course of the development in these labora- 
tories of a reflex oscillator known as the 1349XQ, it was found that even if 
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Fig. 18.—Ideal variation of power and frequency with repeller voltage, arbitrary units. 


the oscillator were correctly terminated the characteristics departed vio- 
lently from the ideal, as illustrated in Fig. 19. Further investigation dis- 
closed that this departure was, to a greater or less degree, a general charac- 
teristic of all reflex oscillators in which no special steps had been taken to 
prevent it. 

The nature of this departure from expected behavior is that the output is 
not a single valued function of the repeller voltage, but rather that at a given 
repeller voltage the output depends upon the direction from which the repel- 
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ler voltage is made to approach the given voltage. Consider the case illus- 
trated in Fig. 19. The arrows indicate the direction of repeller voltage vari- 
ation. If we start from the middle of the characteristic and move toward 
more negative values of repeller voltage, the amplitude of oscillation varies 
continuously until a critical value is reached, at which a sudden decrease in 
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Fig. 19.—A possible variation of power and frequency with repeller voltage when there 
is electronic hysteresis. The arrows indicate the direction of variation of repeller voltage. 


amplitude is observed. Thisdrop may be to zero amplitude as shown or toa 
finite amplitude. In the latter case the amplitude may again decrease con- 
tinuously as the repeller voltage is continuously varied to a new critical 
value, where a second drop occurs, etc. until finally the output falls to zero. 
In every observed case, even for more than one drop, the oscillation always 
dropped to zero discontinuously. Upon retracing the repeller voltage varia- 
tion, oscillation dces not restart at the repeller voltage at which it stopped 
but remains zero until a less negative value is reached, at which point the 


REFLEX OSCILLATORS 495 


oscillation jumps to a large amplitude on the normal curve and then varies 
uniformly. The discontinuities occur sometimes at one end of the charac- 
teristic and sometimes at the other, and infrequently at both. It was first 
thought that this behavior was caused by an improper load,’ but further 
investigation proved that the dependence on the load was secondary and 
the conclusion was drawn and later verified that the effect had its origin in 
the electron stream. For this reason the discontinuous behavior was called 
electronic hysteresis. 

In any self-excited oscillator having a simple reasonant circuit, the os- 
cillating circuit may be represented schematically as shown in Fig. 20. 
Here L and C represent the inductance and capacitance of the oscillator. 
Gp is a shunt conductance, representing the losses of the circuit, and G, is 
the conductance of the load. Henceforth for the sake of convenience we 








Fig. 20.—Equivalent circuit of reflex oscillator consisting of the capacitance C, induct- 
ance L, the resonator loss conductance Gp, the load conductance G, and the electronic 
admittance TV, 


will lump these and call the totalG,. Y, represents the admittance of the 
electron stream, Such a circuit has a characteristic transient of the form 


V = Voe™ e* (8.1) 
where 


~Ge+G. and w = ee 
2C VIC 


Oscillations will build up spontaneously if 


Go+tG,<0. (8.2) 
For stable oscillation at amplitude Vv we require 
G{V]+ G.=0 (8.3) 


(8.2) and (8,3) state that the amplitude of oscillation will build up until 
non-linearities in the electronic characteristics reduce the electronic con- 
ductance to a value equal and opposite to the total load plus circuit con- 
ductance. Thus, in general 
VY. = GeoF\(V) + jBeoF(V) (8.4) 
7 See Section IX. 
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where 
Ve. =Go+jBeo (8.5) 


is the admittance for vanishing amplitude, which is taken as a reference 
value. The foregoing facts are familiar to any one who has worked with 
oscillators. 

Now, condition (8.3) may be satisfied although (8.2) is not. Then an 
oscillator will not be self-starting, although once started at a sufficiently 
large amplitude its operation will become stable. An example in common 
experience is a triode Class C oscillator with fixed grid bias. In such a case 


F(V) > F(0) (8.6) 


holds for some Vi. 

As an example of normal behavior, let us assume that /(V) is a continu- 
ous monotonically decreasing function of increasing V, with the reference 
value of V taken as zero. Then the conductance, G. = GeoF(V) will vary 
with V as shown in Fig. 21. Stable oscillation will occur when the ampli- 
tude V, has built up to a value such that the electronic conductance curve 
intersects the horizontal line representing the load conductance,G,. Geo 
is a function of one or more of the operating parameters such as the elec- 
tron current in the vacuum tube. If we vary any one of these parameters 
indicated as X,, the principal effect will be to shrink the vertical ordinates 
as shown in Fig. 21 and the amplitude of oscillation will assume a series 
of stable values corresponding to the intercepts of the electronic conductance 
curves with the load conductance. If, as we have assumed, F(V) is a 
monotonically decreasing function of V, the amplitude will decrease con- 
tinuously to zero as we uniformly vary the parameter in such a direction as 
to decrease Geo. Zero amplitude will, of course, occur when the curve has 
shrunk to the case where Geo = G_. Under these conditions the power 
output, 3G,V?, will be a single value function of the parameter as shown in 
Fig. 22 and no hysteresis will occur. 

Suppose, however, that /'(V) is not a monotonically decreasing function of 
V but instead has a maximum so that G.oF(V) appears as shown in Fig. 23. 
In this case, if we start with the condition indicated by the solid line and 
vary our parameter X in such a direction as to shrink the curve, the ampli- 
tude will decrease smoothly until the parameter arrives at a value of X; 
corresponding to amplitude Vs at which the load line is tangent to the maxi- 
mum of the conductance curve. Further variation of X in the same direc- 
tion will cause the amplitude to jump to zero. Upon reversing the direction 
of the variation of the parameter, oscillation cannot restart until X arrives 
at a value X, such that the zero amplitude conductance is equal to the load 
conductance. When this occurs the amplitude will suddenly jump to the 
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Ge = Geo (X) F (V) 
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Fig. 21.—A possible variation of electronic conductance with amplitude of oscillation 
for the general case of an oscillator. Arbitrary units are employed. Different curves 
correspond to several values of a parameter X which determines the small signal values of 
the conductance. The load conductance is indicated by the horizontal line. Stable 
oscillation for any given value of the parameter X occurs at the intersection of the elec- 
tronic conductance curve with the load line G,. 
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Fig. 22.—Variation of power output with the parameter X when the conditions of Fig. 
21 apply. ; 
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value Vs. Under these conditions the power output will appear as shown in 
Fig. 24, in which the hysteresis is apparent. 

Let us now consider the conditions obtaining in a reflex oscillator. Fig. 
1 shows a schematic diagram of a reflex oscillator. This shows an electron 
gun which projects a rectilinear electron stream across the gap of a resonator. 
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Fig. 23.—Variation of electronic conductance with amplitude of oscillation of a form 
which will result in hysteresis. The parameter \ determines the small signal value of the 
conductance. The horizontal line indicates the load conductance. 


After the beam passes through this gap it is retarded and returned by a uni- 
form electrostatic field. If we carry out an analysis to determine the elec- 
tronic admittance which will appear across the gap if the electrons make one 
round trip, we arrive at expression 2.2 which may be written 


_ 196°0 Ji(X) |. . 
y= [sin 6 + j cos 6] (8.7) 


where 


_ BY 
X= oy: 
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This admittance will be a pure conductance if 6 = 0) = (1+ 3) 2m. As 
we have seen, in an oscillator designed specifically for electronic tuning, 
usually has a value of 3 or greater and the variations Ad from @ arising from 
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Fig. 24.—A curve of power output vs parameter X resulting from the conductance 
curves shown in Fig. 23 and illustrating hysteresis. 


repeller voltage variation are sufficiently small so that the effect of A@ in 
varying X may be neglected. In this case we may write 





— _, 24Ii(CV) 
Ge = —Ye CV cos A@ 
_ in M 
ye= OP, (8.8) 
= %8 
2V," 


The parameter which we vary in obtaining the repeller characteristic of 
the tube is A@. The variation of this parameter is produced by shifting the 
repeller voltage Vx from the value V go corresponding to the transit angle 
Ai(CV) 

CV 
increases, no explanation of hysteresis is to be found in this expression. 
Fig. 25b shows the smooth symmetrical variation of output with repeller 
voltage about the value for which A@ = 0 which is to be expected. 


4). Since as is shown, Fig. 25a, decreases monotonically as V 
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Now suppose a second source of conductance Gz: exists whose amplitude 
function is of the form illustrated in Fig. 26a. Let us suppose that for the 
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Fig. 25.—a. Variatiofi of electronic conductance with amplitude of oscillation for an 
ideal oscillator. The parameter controlling the small signal electronic conductance is the 
repeller voltage which determines the transit angle in the repeller region. The horizontal 
line indicates the load conductance. 

b. The variation of power output with the repeller voltage which results from the 
characteristics of Fig. 25a. 


value of ) assumed the phase of this conductance is such as to oppose 
Ga , Ga may or may not bea function of A@. For the sake of simplicity let 
us assume that Ge varies with Aé in the same wayasGa. The total conduc- 
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Fig. 26.—a. Curve G. shows the variation of electronic conductance with amplitude 
of oscillation for an ideal reflex oscillator. Curve G2 represents the variation of a second 
source of electronic conductance with amplitude. The difference of these two curves 
indicated G1-G.. shows the variation of the sum of these two conductance terms with 
amplitude. 

b. Electronic conductance vs amplitude of oscillation when two conductance terms 
exist whose variation with repeller voltage is the same. 

c. Power output vs repeller voltage for a reflex oscillator in which two sources of con- 
ductance occur varying with amplitude as shown in Fig. 26b. 
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tance G. = Ga — Ge willappearas shown. As the repeller voltage is varied 
from the optimum value the conductance curve will shrink in prcportion to 
cos Aé, and the amplitude of oscillation for each value of A@ will adjust itself 
to the value corresponding to the intersection of the load line and the con- 
ductance plot as shown in Fig. 26b. When the load line becomes tangent, 
as for amplitude V4, further variation of the repeller voltage in the same 
direction will cause oscillation to jump from V, to zero amplitude. Cor- 
respondingly, on starting oscillation will restart with a jump to Vs. Hence, 
two sources of conductance varying in this way will produce conditions pre- 
viously described, which would cause hysteresis as shown in Fig. 26c. 
The above assumptions lead to hysteresis symmetrically disposed about the 
optimum repeller voltage. Actually, this is rarely the case, but the ex- 
planation for this will be deferred. 

Fig. 27 shows repeller characteristics for an early model of a reflex oscil- 
lator designed at the Bell Telephone Laboratories. The construction of this 
oscillator was essentially that of the idealized oscillator of Fig. 1 upon which 
the simple theory is based. However, the repeller characteristics of this 
oscillator depart drastically from the ideal. It will be observed that a 
double jump occurs in the amplitude of oscillation. The arrows indicate 
the direction of variation of the repeller voltage. The variation in the fre- 
quency of oscillation is shown, and it will be observed that this also is dis- 
continuous and presents a striking feature in that the rate of change of fre- 
quency with voltage actually reverses its sign for a portion of the range. A 
third curve is shown which gives the calculated phase Aé of the admittance 
arising from drift in the repeller field. This lends very strong support to 
the hypothesis of the existence of a second source of conductance, since this 
phase varies by more than 180°, so that for some part of the range the repel- 
ler conductance must actually oppose oscillation. The zero value phase is 
arbitrary, since there is no way of determining when the total angle is 
(n + $)2m. 

Having recognized the circumstances which can lead to hysteresis in the 
reflex oscillator, the problem resolves itself into locating the second source 
of conductance and eliminating it. 

A number of possible sources of a second conductance term were in- 
vestigated in the particular case of the 1349 oscillator, and most were found 
to be of negligible importance. It was found that at least one important 
second source of conductance arose from multiple transits of the gap made 
by electrons returning to the cathcde region. In the case of the 1349 a de- 
sign of the electron optical system which insured that the electron stream 
made only one outgoing and one return transit of the gap eliminated the 
hysteresis in accordance with the hypothesis. 
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Inasmuch as multiple transits appear to be the most common cause for 
hysteresis in reflex oscillator design, it seems worthwhile to obtain a more 


detailed understanding of the mechanism in this case. Other possible 
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Fig. 27.—Amplitude, frequency and transit phase variation with the repeller voltage 
obtained experimentally for a reflex oscillator exhibiting electronic hysteresis. The 
arrows indicate the direction of variation of the repeller voltage. 


mechanisms such as velocity sorting on the repeller will give rise to similar 
effects and can be understood from what follows. 

In the first order theory, the electrons which have retraversed the gap 
are conveniently assumed to vanish. Actually, of course, the returning 
stream is remodulated and enters the cathcde space. Unfortunately, the 
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conditions in the cathode region are very complex, and an exact analysis 
would entail an unwarranted amount of effort. However, from an approxi- 
mate analysis one can obtain a very simple and adequate understanding of 
the processes involved. 

Let us examine the conditions existing after the electrons have returned 
through the gap of the idealized reflex oscillator. In the absence of oscilla- 
tion, with an ideal rectilinear stream and ideally fine grids all the electrons 
which leave the cathode will return to it. When oscillation exists all elec- 
trons which experience a net gain of energy on the two transits will be cap- 
tured by the cathode, while those experiencing a net loss will not reach it, 
but instead will return through the gap for a third transit, etc. In a prac- 
tical oscillator even in the absence of oscillation only a fraction of the elec- 
trons which leave the cathode will be able to return to the cathode, because 
of losses in axial velocity produced by deflections by the grid wires and vari- 
ous other causes. Asa result, it will not be until an appreciable amplitude 
of oscillation has been reached that a major proportion of the electrons 
which have gained energy will be captured by the cathode. On the other 
hand, there will be an amplitude of oscillation above which no appreciable 
change in the number captured will occur. 

The sorting action which occurs on the cathade will preduce a source of 
electronic admittance. Ancther contribution may arise from space charge 
interaction of the returning bunched beam with the outgoing stream. A 
third component arises from the continued Lunching : sulting from the first 
transit of the gap. From the standpoint of this third component the reflex 
oscillator with multiple transits suggests the action of a cascade amplifier. 
The situation is greatly complicated by the nature of the drift field in the 
cathode space. All three mechanisms suggested above may combine to 
give a resultant second source. Here we will consider only the third com- 
ponent. Consider qualitatively what happens in the bunching action of a 
reflex oscillator. Over one cycle of the r-f. field, the electrons tend to bunch 
about the electron which on its first transit crosses the gap when the field 
is changing from an accelerating to a decelerating value. The group re- 
crosses the gap in such a phase that the field extracts at least as much energy 
from every electron as it gave up to any electron in the group. When we 
consider in addition various radial deflections, we see that very few of the 
electrons constituting this bunch can be lost on the cathode. 

Although it is an oversimplification, let us assume that we have a linear 
retarding field in the cathode region and also that none of the electrons are 
intercepted on the cathode. To this order of approximation a modified 
cascade bunching theory would hardly be warranted and we will consider 
only that the initial bunching action is continued. Under these conditions, 
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we can show that the admittance arising on the third transit of the gap will 
have the form 


( er 

2 1\ 57 

Yes we re [sin 6, +7 cos 6] (8.9) 
2Vo 


where J; is the effective d.c. contributing to the third transit. 0, = 0+ 0¢ 
is the total transit angle made up of the drift angle in the repeller space, 0, 
and the drift angle in the cathode space 0c. As before, assume that the 
small changes in @, caused by the changing repeller voltage over the elec- 
tronic tuning range exercise an appreciable effect only in changing the sine 
and cosine terms. Then we may write 








= 6. + 5B, = ¥, GY ein, + jose] (8.10) 
CV 
where 
90 BV 1 _ B00. 
C2 = WW,” and y, = Ve 
If A@ = 0: — O00 
G=y meh) [sin Ai cos AO, + cos A sin Ad]. (8.11) 
Now 
AVe 
Ao = + Aw 
Vit 
Ad, = Awe (8.12) 
— AVe | 
A, = +A Awr, . 
t WoT VatVo of Vo WTO + OT 


We observe that the phase angle of the admittance arising on the third 
transit varies more rapidly with repeller voltage (i.e., frequency) than the 
phase angle of the second transit admittance. This is of considerable im- 
portance in understanding some of the features of hysteresis. 

Let us consider (8.11) for some particular values of #¢ or #,;. We remem- 
ber that 6, is greater than @ and hence C; > C;. Since this is so, the limit- 
ae will become zero at a lower value of V than 2) @ 
We will consider two cases 0; = (2 + })2m and 0; = (n + 3)2n. These 


ing function 
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correspond respectively to a conductance aiding and bucking the conduct- 
ance arising on the first return. In case 1 we have 





’ 1 2Ii(C2V) 
= ye 13 
G. Ye Ge V cos AQ; (8.13) 
+ Reese 25(CWV) 


~+s Se =Ye Cv 
~. 
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Fig. 28.—Theoretically derived variation of electronic conductance with amplitude of 
oscillation. Curve G, represents conductance arising from drift action in the repeller 
space. Curve Gi} represents the conductance arising from continuing drift in the cathode 
region. G% represents the conductance variation with amplitude which will result if 
G, and G, are in phase opposition. 


and case 2 


Pl 1 2I\(C2V) 
Ge = +4 GV 


Figure 28 illustrates case (2) and Fig. 29 case (1). If cos A; and cos Aé 
varied in the same way with repeller voltage, the resultant limiting function 
would shrink without change in form as the repeller voltage was varied, 
and it is apparent that Fig. 28 would then yield the conditions for hysteresis 
and Fig. 29 would result in conditions for a continuous characteristic. 
If Fig. 28 applied we should expect hysteresis symmetrical about the opti- 
mum repeller voltage. We recall, however, that in Fig. 27 hysteresis 


cos AQ, . (8.14) 
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occurred only on one end of the repeller characteristic and was absent on 
the other. The key to this situation lies in the fact that A@, and Aé@ do not 
vary in the same way when the repeller voltage is changed and the fre- 
quency shifts as shown in (8.12). Asa result, the resulting limiting function 
does not shrink uniformly with repeller voltage, since the contribution 
Gi changes more rapidly than G.. Hence we should need a continuous 
series of pictures of the limiting function in order to understand the situa- 
tion completely. 





ai 


ELECTRONIC CONDUCTANCE, Ga 














AMPLITUDE OF OSCILLATION, V —> 


Fig. 29.—Theoretically derived curves of electronic conductance vs amplitude of oscil- 
lation. Curve G? shows the variation of the resultant electronic conductance when 
the repeller space contribution and the cathode space contribution are in phase addition. 


Suppose we consider Fig. 29 and again assume in the interests of simplicity 
that A@, and Aé vary at the same rate. In this case we observe that in the 
region aa’ the conductance varies very rapidly with amplitude. This would 
imply that in this region the output would tend to be independent of the 
repeller voltage. If we refer again to Fig. 27 we observe that the output is 
indeed nearly independent of the repeller voltage over a range. 

We see that these facts all fit into a picture in which, because of the more 
rapid phase variation of @, than @ with repeller voltage, the limiting function 
at one end of the repeller voltage characteristic has the form of Fig. 28. 
accounting for the hysteresis, and at the other end has the form of Fig. 29, 


508 BELL SYSTEM TECHNICAL JOURNAL 


accounting for the relative independence of the output on the repeiler 
voltage. 

In what has been given so far we have arrived qualitatively at an explana- 
tion for the variation of the ampiitude. There remains the explanatics 
for the behavior of the frequency. In this case we plot susceptance as a 
function of amplitude and, as in the case of the conductance, there will be 
several contributions. The primary electronic susceptance will be given by 


2J,(CV) 
CV 
Hence, as we vary the parameter A@ by changing the repeller voltage the 


susceptance curve swells asthe conductance curve shrinks. The circuit 
condition for stable oscillation is that 


B. + 2jAwC = 0. (8.16) 


A second source of susceptance will arise from the continuing drift in the 
cathode space. Referring to equation (8.10) we see that this will have the 
form 


sin 0. (8.15) 





Be = Ye 


1 2F\(C2V) 
LCs. 


and corresponding to equation (8.11) we write 


2. 2Ii(C2 V) 
Ba = Me On 
Consider the functions given by (8.18) for values of 6. = (+ 4)2m and 
(n + 3)2m as functions of V. These are the extreme values which we 
considered in the case of the conductance. The ordinates of these curves 
give the frequency shift as a function of the amplitude. 

In case 1 we have 


B=y. crs 6; (8.17) 


[cos 0:9 cos A, — sin Oyo sin AG]. (8.18) 


i DV) 
B= —% GV sin AO, (8.19) 
and case 2 
Bi = yf PCV) ain any . (8.20) 


"GV 


The total susceptance will be the sum of the susceptance appearing across 
the gap as a result of the drift in the repeller space and the susceptance 
which appears across the gap as a result of the cascaded drift action in the 
repeller region and the cathode region. If sin A@, and sin Aé@ varied in 
the same way with the repeller voltage, the total susceptance would expand 
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or contract without change in form as the repeller voltage was varied. In 
Figs. 39 and 31 a family of susceptance curves are shown corresponding 
respectively to cases 1 and 2 above for various values of AQ, , assuming 
tha A@, and Aé@ vary in the same way with the repeller voltage. As the 





1 
Ge-Ge 





AOt=P1=0 


j(8e-8¢)=-2 jawe 











AMPLITUDE OF OSCILLATION, V 


Fig. 30.—a. Theoretical variation of electronic conductance ys amplitude of oscillation 
in the‘case in which two components are in phase opposition. The parameter is the re- 
peller*transit phase. It is assumed that the two contributions have the same variation 
with this phase. 

b. Susceptance component of electronic admittance as a function of amplitude for the 
case of phase opposition given in Fig. 30a. The parameter is the repeller phase. The 
dashed line shows the variation of amplitude with the susceptance shift. 


repeller voltage is varied the amplitude of oscillation will be determined 
by the conductance limiting function. In the case of the susceptance we 
cannot determine the frequency from the intersection of the curve with a 
load line. The frequency of oscillation will be determined by the drift 
angle and the amplitude of oscillation. The amplitude variation with 
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angle may be obtained from F: ig. 30a, which gives the conductance family. 
This gives the frequency variation with angle indicated by the curve con- 





(Be+ Be) = -24we 
o 








AMPLITUDE OF OSCILLATION, V ——> 


Fig. 31.—Theoretical variation of the susceptance components of electronic admittance 


vs amplitude of oscillation for the case in which two components of electronic susceptance 
are in phase addition. 

necting the dots of Fig. 30b. On the assumption that A@, and A@ vary at 
the same rate with repeller voltage a symmetrical variation about A@ = 0 
will occur as shown in Fig. 30b. However, from the arguments used con- 
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cerning theConductance the actual case would involve a transition from 
the situation of Fig. 30b to that of Fig. 31. Ifa discontinuity in amplitude 
cccurs i which the amplitude does not go to zero, it will be accompanied 
by a discontinuity in frequency, since the discontinuity in amplitude in 
general will cause a discontinuity in the susceptance. If this discontinuity 
in susceptance occurs between values of the amplitude such as V, and V; 
of Fig. 30, we observe that the direction of the frequency jump may be 
opposite to the previous variation. We also observe that if the rate of 
change of susceptance with amplitude is greater than the rate of change of 
susceptance with A@, then in regions such as that lying between zero ampli- 
tude of V;, the rate of change of frequency with A@ may reverse its direction. 

One can see that because of the longer drift time contributing to the third 
transit the conductance arising on the third transit may be of the same 
order as that arising on the second transit. In oscillators in which several 
repeller modes, i.e., various numbers of drift angles, may be displayed, one 
finds that the hysteresis is most serious for the mcdes with the fewest cycles 
of drift in the repeller space. One might expect this, since for these mcdes 
the contribution from the cathede space is relatively more important. 

Some final general remarks will be made concerning hysteresis. One 
thing is obvious from what has been said. With the admittance conditions 
as depicted, if all the electronic operating conditions are fixed and the load 
is varied hysteresis with load can exist. This was found to be true experi- 
mentally, and in the case of oscillators working into misterminated long lines 
it can produce disastrous effects. Where hysteresis is severe enough, it 
will be found that what we have chosen to call the sink margin will be much 
less than the theoretically expected value. An illustration of this is given 
in Fig. 109. 

The explanation which we have given for the hysteresis in the reflex 
oscillator depends upon the existence of two sources of conductance. This 
was apparently a correct assumption in the case studied, since the elimina- 
tion of the second source also eliminated the hysteresis. It is possible, 
however, to obtain hysteresis in a reflex oscillator with only a single source. 
This can occur if the phase of the electronic admittance is not independent 
of the amplitude. Normally, in adjusting the repeller voltage the value 
is chosen for the condition of maximum output. This means that the drift 
angle is set to a value to give maximum conductance for large amplitude. 
If the drift angle is then a function of the amplitude, this will mean that for 
small amplitude it will no longer be optimum. Thus, although the limiting 
Ji(CV) 

cy 
tude declines, the phase factor will oppose this increase. If the phase factor 
depended sufficiently strongly on the amplitude, the decrease in G, caused by 





function tends to increase the electronic conductance as the ampli- 
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LGV) Asa’ 


(C, 
CW 
result the conductance might have a maximum value for an amplitude 
greater than zero, leading to the conditions shown in Fig. 23, under ‘vhich 
hysteresis can exist. 

The first order theory for the reflex oscillator does not predict such an 
effect, since the phase is independent of amplitude. The second order 
theory gives the admittance as 


— Bald 2Ii(X) 10x!) (: =i 





the phase might outweigh the increase due to the function 





res 2Vo xX - 
(8.21) 
3 Jo(X) Jo(X) 


xX F(X) 


The quantity appearing outside the brackets is the admittance given by the 
first order theory. The second order correction contains real and imaginary 
parts which are functions of X and hence of the amplitude of oscillation. 
Thus, for fixed d-c conditions the admittance phase depends upon the am- 
plitude of oscillation and hence hysteresis might occur. It should be ob- 
served that the correction terms are important only for small values of the 
transit angle @. In particular, this explanation would not suffice for the 
case described earlier since the design employed which eliminated the hys- 
teresis left the variables of equation (8.21) unchanged. 





i 1y? 2 ay so = a 
[axa + x Sa-x)-x 


IX. Errect or Loap 


So far we have considered the reflex oscillator chiefly from the point of 
view of optimum performance; that is, we have attempted chiefly to evaluate 
its performance when it is used most advantageously. There has been some 
discussion of non-optimum loading, but this has been incidental to the 
general purpose of the work. Oscillators frequently are worked into other 
than optimum loads, sometimes as a result of incorrect adjustment, some- 
times through mistakes in design of equipment and quite frequently by 
intention in order to take advantage of particular properties of the reflex 
oscillator when worked into specific non-optimum loads. 

In this section we will consider the effects of other than optimum loads 
on the performance of the reflex oscillator. We may divide this discussion 
into two major subdivisions classified according to the type of load. The 
first type we call fixed element loads, and the second variable element loads. 
The first type is constructed of arbitrary passive elements whose constants 
are independent of frequency. The second category includes loads con- 
structed of the same type of elements but connected to the oscillator by 
lines of sufficient length so that the frequency variation of the load admit- 
tance is appreciably modified by the line. 
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A. Fixed Element Loads 


In this discussion it will be assumed initially that A@, the phase angle of 
—Y., is not affected by frequency. The results will be extended later to 
account for the variation of A@ with frequency. A further simplification is 
the use of the equivalent circuit of Fig. 118, Appendix I. Initially, the 
output circuit loss, R, will be taken as zero, so the admittance at the gap 
will be 

Y. = Gat 2jMAw/w + Y,/N?. (9.1)8 


Here, Gx is the resonator loss conductance, M is the resonator characteristic 
admittance, and Y, is the load admittance. 
We will now simplify this further by letting Ge = 0 





Y. = 2jMAw/w + Y1/N?. (9.2) 
From Fig. 12 we see 
G/N? = y2J\(X)/X] cos Ae (9.3) 
By , 2Mde _ _y 1 7,.(x)/X] sin a0. (9.4) 
N? w 


Now it is convenient to define quantities expressing power, conductance and 
susceptance in dimensionless form. 





p = X°G1/2.5N*y. (9.5) 
G, = G1/N*y. (9.6) 
B, = B/N». (9.7) 
The power P produced by the electron stream and dissipated in G, is related 
top 
pus (258%*) p. (9.8) 
In terms of ~ and G,, (9.3) can be written 

p = (1/1.25)(2.5p/G:) 4i[(2.5p/G1)}] cos AQ. (9.9) 

By dividing (9.4) by (9.3), we obtain 
Aw/wo = (—G,/2N?M) tan Ad — B,/2N°M (9.10) 
—(2M/y)Aw/wo = G, tan Ad +B. (9,11) 


8 To avoid confusion on the reader’s part, it is perhaps well to note that we are, for the 
sake of generality, changing nomenclature. Hitherto we have used Y;z, to denote the 
load at the oscillator. Actually our load as the appendix shows is usually coupled by 
some transformer whose equivalent transformation ratio is 1/N?, so that the admittance 
at the gap will be Y,/N*. 
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Equations (9.9) and (9.11) give the behavior of a reflex oscillator with 
zero output circuit loss as the load is changed. It is interesting to plot 
this behavior on a Smith chart.* Such a plot is known as a Rieke diagram 
or an impedance performance chart. Suppose we first make a plot for 
A@ = 0. This is shown in Fig. 32. Constant p contours are solid and, as 


=A 


LOAD POWER ___ 
MAX. LOAD POWER 





Fig. 32.—Theoretical Rieke diagram for a reflex oscillator operating with optimum 
drift angle. The resonator is assumed lossless. Admittances are normalized in terms of 
the small signal electronic admittance of the oscillator so that oscillation will stop for unity 
standing wave. 
can be seen from the above, they will coincide with the constant conductance 
lines of the chart. Constant frequency curves are dashed and, for Ad = 0, 
they coincide with the locii of constant susceptance. The numbers on the 
frequency contours give values of (2M/y-)(Aw/wo). The choice of units is 
such that G, = 1 means that the load conductance is just equal to small 
signal electronic conductance which, it will be recalled, is the starting condi- 
tion for oscillation. Hence, the G, = 1 contour is a zero power contour. 
Any larger values of G, will not permit oscillation to start, so the G, contour 


®P, H. Smith, “Transmission Line Calculator,” Electronics, Jan. 1939, pp. 29-31. 
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bounds a region of zero power commonly called the ‘‘sink,” since all the 
frequency contours converge into it. The other zero power boundary is 
the outer boundary of the chart, G, = 0, whiclf, of course, is an open circuit 
load, The power contours on this chart occur in pairs, except the maximum 
power contour which is single. These correspond to coupling greater than 
and less than the optimum. 

The value of G, for any given power contour for A@é = 0 may be deter- 
mined by referring to Fig. 9. We are assuming no resonator loss so we use 
the curve for which Gz/y. = 0. From (9.5), if p = 1 we have G,/N*y, = 
2,5/X? which, substituted in (9.3), gives XJi(X) = 1.25. This is just the 
condition for maximum power output with no resonator loss. From this 
it can be seen that we have chosen a set of normalized coordinates. Hence, 
in using Fig. 9, we have = H/H,,, where Hy, = .394 is the maximum gen- 
eralized efficiency. Thus, for any given value of p we let H in Fig. 9 have 
the value .394p and determine the two values of G, corresponding to that 
contour. 

From Fig. 32 we can construct several other charts describing the per- 
formance of reflex oscillators under other conditions. For instance, sup- 
pose we make A@ other than zero. Such a condition.commonly occurs in 
use either through erroneous adjustment of the repeller or through inten- 
tional use of the electronic tuning of the oscillator. We can construct a 
new chart for this condition using Fig. 32. Consider first the constant 
power contours. Suppose we consider the old contour of value p, lying 
along a conductance line G;,. To get a new contour, we can change the 
label from p, to pn = pn» cos Ad, and we move the contour to a conductance 
line G, = Gn cos A@. That this is correct can be seen by substituting these 
values in (9.9). Consider a given frequency contour lying along B,. 
We shift each point of this contour along a constant conductance line Gi, 
an amount B,, = G, tan A@. It will be observed that this satisfied (9.11). 
In Fig. 33 this has been done for tan A@ = 1, cos A@ = +/2/2. 

Now let us consider the effect of resonator loss. Suppose we have a 
shunt resonator conductance Gr. Let 


Go = Gr/yo. (9.12) 


Then, if the total conductance is G, , the fraction of the power produced 
which goes to the load is 


f = (Gi — G:)/G, = Gi/(Gi + G2) (9.13) 


accordingly, we multiply each power contour label by the fraction f. Then 
we move all contour points along constant,susceptance lines to new values 


Gn = Gr — Go (9.14) 
In Fig. 34, this has been done to the contours of Fig. 32, for Gz; = .3. 
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The diagrams so far obtained have been based on the assumption that A@ 
has been held constant. To obtain such a diagram experimentally would be 
extremely difficult. It would require that, as the frequency changed through 
load pulling, and hence the total transit angle @ = 2/7 changed, an adjust- 
ment of the repeller voltage be made to correct the change. In actual 
practice, Rieke diagrams for a reflex oscillator are usually made holding the 


o LOAD POWER AQ=11/4 


LOAD POWER AB=T1/4 ala R een Car 
MAX. LOAD POWER DO6=0 
/ 











Fig. 33.—A transformation of the Rieke diagram of Fig. 32 showing the effect of shifting 
the drift angle away from the optimum by 45°. 
transit time 7 constant or in other words, with fixed operating voltages. 
What this does to the basic diagram of Fig. 32 is not difficult to discover, 
provided that 60 is sufficiently small so that we may ignore the variations 
of the Bessels functions with 69. We will first investigate the effect of fixed 
repeller voltage on the constant frequency contours. To do this we will 
rewrite (9.11), replacing A@ by A@ + 60 and expand. 


60 = Awr = ne (9.15) 
Wo . 
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LOAD POWER G2=0.3 


POWER INTO LOAD FOR G2=0.3 _LOAD POWER G2=0.3__ 
o MAX. LOAD POWER G2=0 
! 
/ 


MAX. POWER INTO LOAD FOR G3a=0.3 








Fig. 34.—A transformation of the Rieke diagram of Fig. 32 to show the effect of the 
resonator loss if the phase angle is assumed to be optimum. 


In rewriting (9.11) we will also replace G; by G: + G2, to take resonator loss 
into account. We obtain for very small values of 66 


—(2M/y)(Aw/wo) = ((Gi + G2) tan 46 + By)S (9.16) 
S = 1/(1 + (Gi+ G2)wor/(2M/y,) cos? A@) 
S = 1/(1 + wor/20 cos? A8). (9.17) 


Q is the loaded Q of the oscillator. 

To obtain the new constant frequency contours in the case of A@ = 0 
we shift each point of the old contour from its original position at a sus- 
ceptance B, along a constant conductance line G,, to a new susceptance line 
Bn = B,/S. This neglects a second order correction. It will be observed 
that for small values of the conductance G, near the outer boundary, the 
frequency shifts will be practically unchanged, but near the sink where the 
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conductance G; is large the effect is to shift the constant frequency contours 
along the sink boundary away from the zero susceptance line to larger sus- 
ceptance values. Hence, the constant frequency contours no longer coincide 
with the constant susceptance contours, not even for Ad = 0. 

The change in the power contours is considerably more marked. As the 
frequency of the oscillator changes the transit angle is shifted from the 
optimum value by an amount 66 = (Aw/wo)wor. Thus the electronic 
conductance is reduced in magnitude by a factor cos ~ wor. In particular, 

0 
for the sink contour where the load conductance is just equal to the elec- 
tronic conductance we see that when the repeller voltage is held constant 
the 0 power contour lies not on the G; = 1 — Gz contour but on the locus of 
values G; = cos Dee — G. 
wo 

In order to determine the power contours when the transit time rather 
than the transit angle is held constant we make use of (9.3) with addition of 
resonator loss. In normalized coordinates ((9.6) and (9.12)) and for a phase 
angle of electronic admittance 66 we have 





Git G. = a) cos 60. (9.18) 
From (9.5) and (9.13) we have for the power output 
Gi, 2XJ\(X) 


p= GiG 235 cos 66. (9.19) 


Along any constant frequency contour 66 is constant and has the value 
given by (9.15) in terms of w) and wor. Hence, it will be convenient to plot 
(G, + Gs) vs X for various values of 66 as a parameter. This has been 
done in Fig. 35. The angle 69 has been specified in terms of a parameter A 
which appears in the Rieke diagrams as a measure of frequency deviation. 


Aa (9.20) 


In terms of the parameter A 
80 = (ye/2M)(wor)A « (9.21) 


Once we have the curves of Fig. 35 we can find the power for any point 
on the impedance performance chart. We may, for instance, choose to 
find the power along the constant frequency contours, for each of which 
A (or 66) has certain constant values. We assume some constant resonator 
loss G;. Choosing a point along the contour is merely taking a particular 
value of G;. Having 68, Gz: and G, we can obtain X from Fig. 35, Then, 
knowing X, we can calculate the power from (9.19). 
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In constructing an impedance performance chart we want constant power 
contours. In obtaining these it is convenient to assume a given value of 
G,. We will use G; = .3 as an example. Then we can use Fig. 35 and 
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Fig. 35.—Curve of load plus loss conductance vs bunching parameter X for various 
values of a parameter A which gives the deviation in the drift time from the optimum 


time. The load and loss conductance are normalized in terms of the small signal elec- 
tronic admittance. The horizontal line represents a loss conductance of Gz = .3. 
































(9.19) to construct a family of curves giving f vs Gi with A (or 66) asa 
parameter. In a particular case it was assumed that 


M/y. = 90 
wot = 2n(7 + 2). 
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These values are roughly those for the 2K25 reflex oscillator. Figure 36 
shows p vs G, for the particular parameters assumed above. The curves 
were obtained by assuming values of G, for an appropriate A and so obtain- 
ing values of X from Fig. 35. Then the power was calculated using (9.19) 
and so a curve of power vs G; for a particular value of A was constructed. 
Figure 37 shows an impedance performance chart obtained from (9.16) 
and Fig. 36. In using Fig. 36 to obtain constant power contours, we need 
merely note the values of G; at which a horizontal line on Fig. 36 intersects 
the curves for various values of A. Each curve either intersects such a 
horizontal (constant power) line at two points, or it is tangent or it does not 
intersect. ‘The point of tangency represents the largest value of A at which 
the power can be obtained, and corresponds to the points of the crescent 
shaped power contours of the impedance performance chart. The maximum 
power contour contracts to a point. 
Along the boundary of the sink, for which p = 0, X = O and we have from 
(9.18) 
G, = cos 50 — Go. (9.22) 


The results which we have obtained can be extended to include the case 
in which A@ # 0. Further, as we know from Appendix I, we can take into 
account losses in the output circuit by assuming a resistance in series with 
the load. In a well-designed reflex oscillator the output circuit has little 
loss. The chief effect of this small loss is to round off the points of the 
constant power contours. 

In actually measuring the performance of an oscillator, output and fre- 
quency are plotted vs load impedance as referred to the characteristic 
impedance of the output line. Also, frequently the coupling is adjusted so 
that for a match (the center of the Smith chart) optimum power is obtained. 
We can transform our impedance performance chart to correspond to such a 
plot by shifting each point G, B on a contour to a new point 


Gi = G/Ginox 
By = B/Grox 


where Gmax is the conductance for which maximum power is obtained. 
Such a transformation of Fig. 37 is shown in Fig. 38. 

It will be noted in Fig. 38 that the standing wave ratio for 0 power, the 
sink margin, is about 2.3. This sink margin is nearly independent of the 
resonator loss for oscillators loaded to give maximum power at unity stand- 
ing wave ratio, as has been discussed and illustrated in Fig. 10. Tf the sink 
margin must be increased or the pulling figure must be decreased” the coup- 


10 The pulling figure is arbitrarily defined as the maximum frequency excursion pro- 


duced when a voltage standing wave ratio of V 2is presented to the oscillator and the 
phase is varied through 180°. 
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Fig. 36.—Normalized power vs normalized load conductance for various values of the 
parameter A which gives the deviation in drift time from the optimum drift time. These 
curves are computed for the case G; = .3.. Optimum drift angle equal to 15.5 x radians 
and a ratio of characteristics resonator admittance to small signal electronic admittance 
of 90 is assumed. 
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ling can be reduced so that for unity standing wave ratio the load conduct- 
ance appearing at the gap is less than that for optimum power. 

Finally, in making measurements the load impedance is usually evaluated 
at a point several wavelengths away from the resonator. Tf performance is 
plotted in terms of impedances so specified, the points on the contours of 


LOAD POWER G2=03 

=bOAD PORE 

MAX. LOAD POWER Ga=0 
\ 





Fig. 37.—A Rieke diagram for a reflex oscillator having a lossy resonator, taking into 

account the variation of drift angle with frequency pulling. This results in closed power 
contours. 
Fig. 38 appear rotated about the center. As the line length in wavelengths 
will be different for different frequencies, points on different frequency 
contours will be rotated by different amounts. This can cause the contovrs 
to overlap in the region corresponding to the zero admittance region of Fig. 
38. With very long lines, the contours may overlap over a considerable 
region. The multiple mcdes of oscillation which then occur are discussed 
in somewhat different terms in the following section. 
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Figure 39 shows the performance chart of Fig. 38 as it would appear with 
the impedances evaluated at a point 5 wavelengths away from the resonator. 
Figure 71 of Section XIII shows an impedance performance chart for 2K25 

‘reflex oscillator. 


LOAD POWER 0 w ) 





*~ - . o 
Fig. 38.—The Rieke diagram of Fig. 37 transformed to apply to the oscillator loaded 
for optimum power at unity standing wave. 


B. Frequency—Sensitive Loads—Long Line Effect 


When the load presented to a reflex oscillator consists of a long line mis- 
matched at the far end, or contains a resonant element, the operation of a 
reflex oscillator, and especially its electronic tuning, may be very seriously 
affected. 

For instance, consider the simple circuit shown in Fig. 40. Here Mp 
is the characteristic admittance of the reflex oscillator resonator as seen 
from the output line or wave guide and M, is the characteristic impedance 
of a line load ¢ long, so terminated as to give a standing wave ratio, o. 
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In the simple circuit assumed there are essentially three variables; (1) 
the ratio of the characteristic admittance of the resonant circuit, Mr to 


+ — (B08) 





‘ 
Fig. 39.—The Rieke diagram of Fig. 38 transformed to include the effect of a line five 
wave lengths long between the load and the oscillator. 


Mr Mu 
Fig. 40.—Equivalent circuit of a lossless resonator, a line and a mismatched load. 
that of the line, M,. This ratio will be called the external Q and signified 
by Qs 


Qz = M;/M1. (9.23) 
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For a lossless resonator and unity standing wave ratio, the loaded Q is equal 
to Qs. Fora resonator of unloaded Q, Qo, and for unity standing wave 
ratio, the loaded Q, obeys the relation 


1/0 = 1/Qe +.1/Qo (9.24) 
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Fig. 41.—Susceptance vs conductance for a resonator coupled to a 50 wave length line 
terminated by a load having a standing wave ratio of 2. Characteristic admittance of 
the resonator is assumed to be equal to 100 in terms of a line characteristic admittance of 
unity. The circles mark off relative frequency increments 


Ae 10-3, 


wo 


where wo is the frequency of resonance. 


(2) the length of the line called @ when measured in radians or » when 
measured in wavelengths, (3) the standing wave ratio o. 

Figures 41 and 42 show admittance plots for two resonant circuits loaded 
by mismatched lines of different lengths. The feature to be observed is the 
loops, which are such that at certain points the same admittance is achieved 
at two different frequencies. It is obvious that a line representing —Y, 
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may cut such a curve at more than one point: thus, oscillation at more than 
one frequency is possible. Actually, there may be three intersections per 
loop. The two of these for which the susceptance B is increasing with fre- 
quency represent stable oscillation; the intersection at which B is decreasing 
with frequency represents an unstable condition. 

The loops are of course due to reactance changes associated with varia- 
tion of the electrical length of the line with.frequency. Slight changes in 
tuning of the circuit or slight changes in the length of the line shift the loops 
up or down, parallel to the susceptance axis. Thus, whether the electronic 
admittance line actually cuts a loop, giving two possible oscillating fre- 
quencies, may depend on the exact length of the line as well as on the ex- 
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Fig. 42.—Susceptance vs conductance for line 500 wave lengths long terminated by a 
load having a standing wave ratio of 1.11. Circles mark off relative frequency increments 
of 10-4, Characteristic admittance to the resonator equals 100. 


istence of loops. The frequency difference between loops is such as to 
change the electrical length of the line by one-half wavelength. 

The existence or absence of loops and their size depend on all three pa- 
rameters. Things which promote loops are: 


Low ratio of Mz/M, or Qs 

Large m or 6 

High o 
As any parameter is changed so as to promote the existence of loops, the Y 
curve first has merely a slight periodic variation from the straight line fora 
resistively loaded circuit. Further change leads to a critical condition in 


which the curve has cusps at which the rate of change of admittance with 
frequency is zero. If the electronic admittance line passes through a cusp, 
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the frequency of oscillation changes infinitely rapidly with load. Still 
further change results in the formation of loops. Further change results in 
expansion of loops so that they overlap, giving more than three intersections 
with the electronic admittance line. 

Loops may exist for very low standing wave ratios if the line is sufficiently 
long. Admittance plots for low standing wave ratio are very nearly cy- 
cloidal in shape; those for higher standing wave ratios are similar to cycloids 
in appearance but actually depart considerably from cycloids in exact form. 

By combining the expression for the near resonance admittance of a tuned 
circuit with the transmission line equation for admittances, the expression 
for these admittance curves is obtained. Assuming the termination to be 
an admittance Vy which at frequency wo is radians from the resonator, 


1 + j(Vr/Mz) tan 6(1 + Aw/ap) ” 


The critical relation of parameters for which a cusp is formed is important, 
for it divides conditions for which oscillation is possible at one frequency 
only and those for which oscillation is possible at two frequencies. This 
cusp corresponds to a condition in which the rate of change with frequency 
of admittance of the mismatched line ‘is equal and opposite to that of the 
circuit. This may be obtained by letting Yr be real. 


V =j2MpAw/oo + My (9.25) 


Y7/M,> 1, 00 = nx where n is an integer. 


The standing wave ratio is then 


o=Vr/M.. (9.26) 
The second term on the right of (9.25) is then 
o + jtan frie /os)) 
= —— |). 9.2 
Y2= Mi (; + jo tan A Aw/wo (9.27) 


For very small values of Aw we see that very nearly 
V2 = Milo — j(o? — 1)@Aw/ws] . (9.28) 
Thus for the rate of change of total admittance to be zero 
2Mz = Mi(c? — 1)6 
% = 2(Mx/M1)(0? — 1) 
202/(o? — 1). (9.30) 


Thus, the condition for no loops, and hence, fora single oscillating frequency, 
may be expressed 


i] 


8 < 20z/(o? — 1) (9.31) 


528 BELL SYSTEM TECHNICAL JOURNAL 


or 
o< V1 + 20s/0- 


We will remember that 4p is the length of line in radians, o is the standing 
wave ratio, measured as greater than unity, and Qz is the external Q of the 
resonator for unity standing wave ratio. 

Replacing a given length of line by the same length of wave guide, we find 
that the phase angle of the reflection changes more rapidly with frequency, 
and instead of (9.31) we have the condition for no loops as 


@ < 20x(1 — (A/%o)*)/(o? — 1) (9.32) 
a < VI + 20n(1 — (0/%0)?)/O- 


Here ) is the free space wavelength and Ay is the cutoff wavelength cf the 
guide. 

Equations (9.32) are for a particular phase of standing wave, that is, for 
relations of Yr and 4 which produce a loop symmetrical above tke G axis. 
Loops above the G axis are slightly more locped than Iccps belcw, the G 
axis because of the increase of 8 with frequency. For reasonably long lines, 
(9.32) applies quite accurately for formation of Icops in any pcsition; for 
short lines locps are cf no consequence unless they are near the G axis. 

An imporant case is that in which the resonant Icad is coupled to the 
resonator by means of a line so short that it may be considered to kave a 
constant electrical length for all frequencies of interest. The resonant 
load will be assumed to be shunted with a conductance equal to the charac- 
teristic admittance of the line. As the multiple resonance of a long mis- 
matched line resulted in formation of many loops, so in this case we would 
rightly suspect the possibility of a single loop. ; 

Tf the resonant load is }, 3, etc. wavelengths from the resonator, and 
both resonate at the same frequency, a loop is formed symmetrical about the 
G axis. Figure 43 is an admittance curve for resonator and Icad placed 3 
wavelength apart. Tuning either resonator or load moves this loop up 
or down. 

If the distance from resonator to resonant load is varied above or below a 
quarter wave distance, the loop moves up or down and expands. This is 
illustrated by an eighth wavelength diagram for the same resonator and load 
as of Fig. 43 shown in Fig. 44. 

When the distance from the resonator to the resonant load, including 
the effective length of the coupling loop, is 3, 1, 13, etc. wavelengths, for 
frequencies near resonance the resonant load is essentially in shunt with 
the resonator, and its effect is to increase the loaded Q of the resonator. “An 
admittance curve for the case is shown in Fig. 45. In this case the loops 
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have moved considerably away in frequency, and expanded tremendously. 
There are still recrossings of the axis near the origin, however, as indicated 
in this case by the dashed line which represents 2 crossings, in this case 
about 4% in frequency above and below the middle crossing if the length of 
the line ¢ is \/2. 
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Fig. 43.—Susceptance vs conductance for two resonators coupled by a quarter wave line. 
The resonator at which the admittance is measured has a characteristic admittance of 100 
in terms of a line characteristic admittance of unity. The other resonator has a character- 
istic admittance of 200 and a shunt conductance of unity. The circles mark off relative 
frequency increments of 3 X 10-* in terms of the resonant frequency. 


As a sort of horrible example, an admittance curve for a high Q load 50 
wavelengths from the resonator was ccmputed and is shown in Fig. 46. 
Only a few of the loops are shown. 

Admittance curves for more complicated circuits such as impedance trans- 
formers can be computed or obtained experimentally. 
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As has been stated, one of the most serious effects of such mismatched 
long line or resonant loads is that on the electronic tuning. For instance, 
consider the circuit admittance curve to be that shown in Fig. 47, and the 
minus electronic admittance curve to be a straight line extending from the 
origin. As the repeller voltage is varied and this is swung down from the 
+B axis its extreme will at some point touch the circuit admittance line 
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Fig. 44.—Susceptance vs conductance for the same resonators as of Fig. 43 coupled 
by a one-eighth wave line. i 


and oscillation will commence. As the line is swung further down, the 
frequency will decrease. Oscillation will increase in amplitude until the 
—Y, line is perpendicular to the Y line. From that point on oscillation 
will decrease in amplitude until the —Y, line is parallel to the Y curve 
on the down side of the loop. Beyond this point the intersection cannot 
move out on the loop, and the frequency and amplitude will jump abruptly 
to correspond with the other intersection. As the — Y, line rotates further, 
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amplitude will decrease and finally go to zero when the end of the —Y, 
line touches the Y curve. If the —Y, line is rotated back, a similar phe- 
nomenon is observed. ‘This behavior and the resulting electronic tuning 
characteristic are illustrated in Figs. 47 and 48. Such electronic tuning 
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Fig. 45.—Susceptance vs conductance for the same resonators as of Fig. 43 coupled 
by a one-half wave line. The dash line indicates two other crossings of the 0 susceptance 
axis, at frequencies +4% from the resonant frequency of the resonators. 


characteristics are frequently observed when a reflex oscillator is coupled 
tightly to a resonant load. 


C. Effect of Short Mismatched Lines on Electronic Tuning 


In the foregoing, the effect of long mismatched lines in producing addi- 
tional multiple resonant frequencies and possible modiness in operation has 
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Fig. 46.—Susceptance vs conductance for the resonators of Fig. 43 coupled by a line 
50 wave lengths long. 


been explained. The effect of such multiple resonance on electronic tuning 


has been illustrated in Fig. 48. 
Tf a short mismatched line is used as the load for a reflex oscillator, there 


REFLEX OSCILLATORS 533 


may be no additional modes, or such modes may be so far removed in fre- 
quency from the fundamental frequency of the resonator as to be of little 
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Fig. 47.—Behavior of the intersection between a circuit admittance line with a loop 
and the negative of the electronic admittance line of a reflex oscillator as the drift angle is 
varied (circuit hysteresis). 
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Fig. 48.—Output vs repeller voltage for the conditions obtaining in Fig. 47. 


importance. Nonetheless, the short line will add a frequency-sensitive 
reactance in shunt with the resonant circuit, and hence will change the char- 
acteristic admittance of the resonator. 
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Imagine, for instance, that we represent the resonator and the mismatched 
line as in shunt with a section of line NV wavelengths or @ radians lorig mis- 
terminated in a frequency insensitive manner so as to give a standing wave 
ratio o. If M, is the characteristic admittance of the line, the admittance 
it produces at the resonator is 


o + j tan 0 (9.33) 


Y= Mi TT ie tend 
Now, if the frequency is increased, # is made greater and F is changed. 
4 2 
ay,/a0 = uid — 2? sel (9.34) 


We are interested in the susceptive component of change. If 
V,=Gi+ 4B. (9.35) 
we find 


(1 — o°)(1 — o *tan’ 6) sec” 0 


(1 + o *tan? 6) (9.36) 


0B,/00 = Mz 


Now, if frequency is changed by an amount df, 6 will increase by an a mount 
(df/f) and B, will change by an amount 


4B, = (8B,/88)(2nN) (df/f). (9.37) 


We now define a parameter My expressing the effect of the mismatch as 


follows 
/ 1(0B,/00) = My. (9,38) 


Then 
dB, = 2NMx(d{/f). (9.39) 


Tf the characteristic admittance of the resonator is Mx , then the characteris- 
tic admittance of the resonator plus the line is 


M = Me+ NMx. (9.40) 
Tf, instead of a coaxial line, a wave guide is used, and Xp» and dare the cutoff 
and operating wavelengths, we have 
dB, = INMu(df/f(1 — O/r*4 (9.1) 
and 
M = Me+ NMn(1 — (/do)*)4 (9.42) 


In Fig. 49 contour lines for My constant are plotted on a Smith Chart 
(reflection coefficient plane). Over most of the plane My has a moderate 
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positive value tending to increase characteristic admittance and hence 
decrease electronic tuning. Over a very restricted range in the high admit- 
tance region My has large negative values and over a restricted range 
outside of this region My has large positive values. 








Fig. 49.—Lines of constant value Of a parameter M y shown on a chart giving the con- 
ductance and susceptance of the terminating admittance of a short line. The parameter 
plotted multiplied by the number of wave lengths in the line gives the additional charac- 
teristic admittance due to the resonant effects of theline. The parameter M y is of course 
0 for terminated lines (center of chart). 


This is an appropriate point at which to settle the issue: what do we mean 
by a “short line” as opposed to a “long line.” For our present purposes, 
a short line is one short enough so that My, does not change substantially 
over the frequency range involved. Thus whether a line is short or not 
depends on the phase of the standing wave at the resonator (the position 


536 BELL SYSTEM TECHNICAL JOURNAL 


on the Smith Chart) as well as on the length of the line. M4, changes most 
rapidly with frequency in the very high admittance region. 

Asa simple example of the effect of a short mismatched line on electronic 
tuning between half power points, consider the case of a reflex oscillator 
with a lossless resonator so coupled to the line that the external Q is 100 
and the electronic conductance is 3 in terms of the line admittance. Sup- 
pose we couple to this a coaxial line 5 wavelengths long with a standing wave 
ratio ¢ = 2, vary the phase, and compute the electronic tuning for various 
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Fig. 50.—The normalized load conductance, the characteristic admittance of the resona- 
tor and the normalized electronic tuning range to half power plotted vs standing wave 
ratio phase for a particular case involving a short misterminated line. The electronic 
tuning for a matched line is shown as a heavy horizontal line in the plot of (Aw/wo)s . 


phases. We can do this by obtaining the conductance and M, from Fig. 
49 and using Fig. 15 to btain (Aw/wo)y. In Fig. 50, the parameters 
G1/¥. (the total characteristic admittance including the effect of the line), 
N, and, finally, (Aw/wo); have been plotted vs standing wave phase in 
cycles. (Aw/wo); for a matched load is also shown. This example is of 
course not typical for all reflex oscillators: in some cases the electronic tuning 
might be reduced or oscillation might stop entirely for the standing wave 
phases which produce high conductance. 
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X. VARIATION OF POWER AND ELECTRONIC TUNING WITH } FREQUENCY 


When a reflex oscillator is tuned through its tuning range, the load 
and repeller voltage being adjusted for optimum efficiency for a given drift 
angle, it is found that the power and efficiency and the electronic tuning 
vary, having optima at certain frequencies. 

When we come to work out the variation of power and electronic tuning 
with frequency we at once notice two distinct cases: that of a fixed gap 
spacing and variable resonator (707A), and that of an essentially fixed 
resonator and a variable gap spacing (723A etc.); see Section XIII. 
Here we will treat as an example the latter case only. 

The simplest approximation of the tuning mechanism which can be ex- 
pected to accord reasonably with facts is that in which the resonator is 
represented as a fixed inductance, a constant shunt “stray”? capacitance 
and a variable capacitance proportional to 1/d, where d is the gap spacing. 
The validity of such a representation over the normal operating range has 
been verified experimentally for a variety of oscillator resonators. Let 
Co be the fixed capacitance and C; be the variable capacitance at some 
reference spacing d;. Then, letting the inductance be L, we have for the 
frequency 


w = (L(Co + Ci d/d))}, (10.1) 
Suppose we choose d; such that 
C=. (10.2) 
Then, letting 
d/d,=D (10.3) 
= (2LCo)! = 2afy (10.4) 
w/o, = W. (10.5) 
We find 
Ww = 21+ 1/D)7. (10.6) 


This relation is shown in Fig. 51, where D is plotted vs W. It is perfectly 
general (within the validity of the assumptions) for a proper choice of refer- 
ence spacing d;. We have, then, in Fig. 51 a curve of spacing D vs re- 
duced frequency W. 

The parameter which governs the power and efficency is Gr/y.. We 
have 


Gr/Yo = (Gn/B*)(2V 0/108) « (10.7) 


As Vo, Jo and @ will not vary in tuning the oscillator, we must look for varia- 
ton in Gz and ?. 
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For parallel plane grids, we have 
1/6 = (6,/2)?/sin® (85/2) (10.8) 


where 6, is the transit angle between grids. We see that in terms of W 
and D we can write 


6, = aWD. (10.9) 




















° 
o 











go°9 
b uw 





9 
o 








° 
Re 























FUNCTIONS OF RELATIVE FREQUENCY, W, AND RELATIVE SPACING, D- , 


























2 


06 07 0.8 0s 10 Mw 2 13 4 
RELATIVE FREQUENCY, W 


Fig. 51.—Various functions of relative frequency W and relative spacing D plotted vs 
relative frequency. 


Here 0; is the gap transit angle at a spacing d, and a frequency Wi. So 
that we may see the effect of tuning on 1/6?, WD has been plotted vs W 
in Fig. 51 and 1/6? has been plotted vs @, in Fig. 52. 

We now have to consider losses. From (9.7) of Appendix IX we see that 
the grid loss conductance can be expressed in the form 


G, = GaW'/D*. (10.10) 
Here G,: is the grid loss conductance at d = d, and w = w. 
Finally, let us consider the resonator loss. If the resonator could be 


represented by an inductance L with a series resistance R, at high frequencies 
the conductance would be very nearly 
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Gi = R/(eL). (10.11) 


If R varies as ow, 


we see that we could then write 
=G6GyW. (10.12) 


Here G,, is the conductance at a frequency w . 
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Fig. 52,—The reciprocal of the square of the modulation coefficient is a function of the 
gap transit angle in radians for the case of fine parallel grids. 


As an opposite extreme let us consider the behaviour of the input conduct- 
ance of a coaxial line... It can be shown that, allowing the resistance of 
such a line to vary as w', the input conductance is ° 


Get = Aw csc? (wt/C). (10.13) 


Here ¢ is the length of the line and C is the velocity of propagation. If 
G, given by (10.12) and G¢ of 10.13 give the same value of conductance at 
some angular frequency , then it will be found that for values of ¢ typical 
of reflex oscillator resonators the variation of G¢ with w will be significantly 
less than that of G,. Although typical cavities are not uniform lines 
(10.13) indicates that a slower variation than (10.12) can be expected. 
It will be found moreover that the shape of the power output vs frequency 
curves are not very sensitive to the variation assumed. Hence as a rea- 
sonable compromise it will be assumed that the resonator wall loss varies as 
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Gs = GW. (10.14) 


In Fig. 51 W7~* has been plotted vs W. 
Now let us take an actual example. Suppose that at D = 1, ie. 
(d = dw = a) 


o=2 
Gp = .270/ye 
Ga = 095/ye 


The information above has been used in connection with Figs..51 and 52 
and ratio of resonator loss to small signal electronic admittance, Gr/ye, 
has been plotted vs W in Fig. 53. A 2K25 oscillator operated at a beam 
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Fig. 53.—Computed variation of ratio of resonator loss to small signal electronic ad- 
mittance vs relative frequency W for certain resonator parameters assumed to fit the 
characteristics of the 2K25. 


voltage, Vo, of 300 volts had a total cathcde current J» of 26 ma. This 
current passed three grids on the first transit and back through the third 
grid on the return transit. On a geometrical basis, 53% of the cathode 
current should make this second transit across the gap. Thus the useful 
beam power was about 


Po = (.53) (300) (.026) = 4.1. 


Tf we assume a drift effectiveness factor / of unity, then for the 7% cycle 
mode, the efficiency should be given by H» divided by 73. Hn is plotted 
as a function of Gr/y. in Fig. 7. Thus, we can obtain 9, the efficiency, and 
hence the power output. This has been done and-the calculated power 
output is plotted vs W in Fig. 54, where W = 1 has been taken to correspond 
to 9,000 mc. It is seen that the theoretical variation of output with fre- 
quency is much the same as the measured variation. 
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Actually, of course, the parameters of the curve were chosen so that it 
corresponds fairly well to the experimental points. The upper value of W 
at which the tube goes out of oscillation is most strongly influenced by the 
value of 6, chosen. We see from Fig. 51 that as W is made greater than 
unity WD increases rapidly and hence, from Fig. 52, 6? decreases rapidly, 
increasing Gr/y.. On the other hand, as W is made smaller than unity, 
B* approaches unity but the grid loss term W}/D? increases rapidly, and 
this term is most effective in adjusting the lower value of W at which oscilla- 
tion will cease. Finally, the resonator loss term, varying as W~", does not 
change rapidly and can be used to adjust the total loss and hence the opti- 
mum value of Gr/y. and the optimum efficiency. 

It is clear that the power goes down at low frequencies chiefly because in 
moving the grids very close together to tune to low frequencies with a fixed 
nductance the resonator losses and especially the grid losses are increased. 
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Fig. 54.—Computed curve of variation of power in milliwatts with relative frequency W 
for the parameters used in Fig. 53. The circles are experimental points. The curve has 
been fitted to the points by the choice of parameters. 


In going to high frequencies the power decreases chiefly because moving the 
grids far apart to tune to high frequencies decreases 6. Both of these 
effects are avoided if a fixed grid spacing is used and the tuning is accom- 
plished by changing the inductance as in the case of the 707A. In such 
tubes there will be an upper frequency limit either because even with a 
fixed grid spacing 6” decreases as frequency increases, or else there will be a 
limit at the resonant frequency of the smallest allowable external resonator, 
and there will be a lower frequency limit at which the repeller voltage for a 
given mode approaches zero; however, the total tuning range may be 3 to 1 
instead of around 30% between extinction points, as for the 2K25. 
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* The total electronic tuning between half-power points at optimum Idad- 
ing, 2(Af);, can be expresséd : 
Af): = (fye/M) (2Aw/0)/(y-/M). (10.15) 


We-can obtain (2Aw/w9)/(y./M) from Fig. 16. . 
Tf we assume a circuit consisting of a constant inductance L and a capaci- 
tance, the characteristic admittance of the resonator is 


M = 1/oL = 3nf,W (10.16) 
and 
2WAf)s = I2wWf2Lye(2Aw/wo)/(y-/M) (10.17) 
and we have 
Ye = BIy(2mN)/2V0. (10.18) 


Here N is the total drift in cycles. 

A rough calculation estimates the resonator inductance of the 2K25 as 
30 X10’ henries. Using the values previously assumed, J = (.53)(.026), 
Vo = 300, N. = 73, and the values of Gr/y.6* and f; previously assumed, 
we can obtain electronic tuning. 

A curve for half power electronic tuning vs W has been computed and is 
shown in Fig, 55, together with experimental data for a 2K25. The experi- 
mental data fall mostly above the computed curve. This could mean that. 
the inductance has been incorrectly computed or that the drift effectiveness 
is increased over that for a linear drift field, possibly by the effects of space 
charge. By choosing a value of the drift effectiveness factor other than 
unity we could no! doubt achieve a better fit of the electronic tuning data 
and still, by readjusting G,; and G,1 , fit the power data. This whole pro- 
cedure is open to serious question. Further, it is very hard to measure such 
factors as Gy; for a tube under operating conditions, with the grids heated by 
bombardment. Indirect measurements involve many parameters at once, 
and are suspect. Thus, Figs. 54 and 55 are presented merely to show a 
qualitative correspondence between theory and experiment. 


XI. Norse SMEBANDS IN REFLEX OSCILLATIONS 


In considering power production, the electron flow in reflex oscillators 
can be likened to a perfectly smooth flow of charge. However, the discrete 
nature of the electrons, the cause of the familiar ‘‘shot noise” in electron 
flow engenders the production of a small amount of r-f power in the neigh- 
borhood of the oscillating frequency—‘noise sidebands”. Thus the energy 
spectrum of a reflex oscillator consists of a very tall central spike, the power 
output of the oscillator, and, superposed, a distribution of noise energy 
having its highest value near the central spike. 
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Such noise or noise “‘sidebands” can be produced by any mechanism which 
causes the parameters of the oscillator to fluctuate with time. As the mean 
speed, the mean direction, and the convection current of the electron flow 
all fluctuate with time, possible mechanisms of noise production are numer- 
ous. Some of these mechanisms are: 

(1) Fluctuation-in mean speed causes fluctuation in the drift angle and 
hence can give rise to noise sidebands in the output through frequency 
modulation of the oscillator. 
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Fig. 55.—Computed variation of electronic tuning range in megacycles vs relative 
frequency W. The curve is calculated from the same data as that in Fig. 54 with no 
additional adjustment of parameters. Points represent experimental data. 

(2) If the drift field acts differently on electrons differently directed, 
fluctuations in mean direction of the electron flow may cause noise sidebands 
through either amplitude or frequency modulation of the output. 

(3) Low frequency fluctuations in the electron convection current may 
amplitude modulate the output, causing noise sidebands, and may frequency 
modulate the output when the oscillator is electronically tuned away from 
the optimum power point. 

(4) High frequency fluctuations in the electron stream may induce high 
frequency noise currents in the resonator directly. 

Mechanism (4) above, the direct induction of noise currents in the reso- 
nator by noise fluctuations in the electron stream, is probably most impor- 
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tant, although.(3) may be appreciable. An analysis of the induction of 
noise in the resonator is surprisingly complicated, for the electron stream 
acts as a non-linear load impedance to the noise power giving rise to a com- 
plicated variation of noise with frequency and with amplitude of oscillation, 
On the basis of analysis and experience it is possible, however, to draw 
several general conclusions concerning reflex oscillator noise. 

First, it is wise to decide just what shall be the measure of neise. The 
noise is important only when the oscillator is used as a beating cscillator, 
usually in connection with a crystal mixer. A power P is supplied to the 
mixer at the beating oscillator frequency. Also, the oscillator supplies at 
signal frequency, separated from the beating oscillator frequency by the 
intermediate frequency, a noise power P, proportional, over a small fre- 
quency range, to the band-width B. An adequate measurement of the 
noisiness of the oscillator is the ratio of P,, to the Johnson ncise power, kT B. 
The general facts which can be stated about this ratio and scme explanaticn 
of them follow: 

(1) Electrons which cross the gap only once contribute to ncise but not 
to power. Likewise, if there is a large spread in drift angle ameng various 
electron paths, some electrons may contribute to noise but not to power. 

(2) The greater the separation between signal frequency and beating 
oscillator frequency (i.e., the greater the intermediate frequency) the less 
the noise. 

(3) The greater the electronic tuning range, the greater the noise for a 
given separation between signal frequency and beating oscillator frequency. 
This is natural; the electronic tuning range is a measure of the relative mag- 
nitudes of the electronic admittance and the characteristic admittance of 
the circuit. 

(4) The degree of loading affects the noise through affecting the bunching 
parameter X. The noise seems to be least for light loading. 

(5) Aside from controlling the degree of loading, resonator losses do not 
affect the noise; it does not matter whether the unused power is dissipated 
inside or outside of the tube. 

(6) When the tube is tuned electronically, the noise usually increases at 
frequencies both above and below the optimum power frequency, but the 
tube is noisier when electronically tuned to lower frequencies. At the opti- 
mum frequency, the phase of the pulse induced in the circuit when an elec- 
tron returns across the gap lags the pulse induced on the first crossing by 
270°. When the drift time is shortened so as to tune to a higher frequency, 
the angle of lag is decreased and the two pulses tend to cancel; in tuning 
electronically to lower frequencies the pulses become more nearly in phase. 

An approximate theoretical treatment leads to the conclusion that aside 
from avoiding loss of electrons in reflection, or very wide spreads in transit 
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time for various electrons, (see (1) above) and aside from narrowing the 
electronic tuning range, which may be inadmissable, the only way to reduce 
the noise is to decrease the cathode current. This is usually inadmissable. 
Thus, it appears that nothing much can be done about the noise in reflex 
oscillators without sacrificing electronic tuning range. 

The seriousness of beating oscillator noise from a given tube depends, of 
course, on the noise figure of the receiver without beating oscillator noise 
and on the intermediate frequency. Usually, beating oscillator noise is 
worse at higher frequencies, partly because higher frequency oscillators have 
greater electronic tuning (see (3) above). At a wavelength of around 
1.25 cm, with a 60 mc I.F. amplifier, the beating oscillator ncise may be 
sufficient so that were there no other noise at all the noise figure cf the 
receiver would be around 12 db. 

Beating oscillator noise may be eliminated by use of a sharply tuned filter 
between the beating oscillator and the crystal. This precludes use of elec- 
tronic tuning. Beating oscillator noise may also be eliminated by use of a 
balanced mixer in which, for example, the signal is fed to two crystals in the 
same phase and the beating cscillator in opposite phases. If the I.F. output 
is derived so that the signal components from the two crystals add, the 
output due'to beating oscillator noise at signal frequencies will cancel out. 
There is an increasing tendency for a number of reasons to use balanced 
mixers and thus beating oscillator noise has become of less concern. 


XII. Burtp-up or OscILLaTION 


In certain applications, reflex oscillators are pulsed. In many of these 
it is required that the r-f output appear quickly after the applicaticn cf 
d-c power, and that the time of build-up be as nearly the same as possible 
for successive applications of power. In this connection it is important to 
study the mechanism of the build-up of oscillations. 

In connection with build-up of oscillations, it is convenient to use complex 
frequencies. Impedances and admittances at complex frequencies are 
given by the same functions of frequency as those at real frequencies. 
Suppose, for instance, the radian frequency is 


wo =w— ja (12.1) 


This means the oscillations are increasing in amplitude. The admittance 
of a conductance G at this frequency is 


Y=G 
The admittance of a capacitance C and the impedance of an inductance L are 
Y = jwC = jwC + aC (12.2) 


Z = jol = jwl + aL (12.3) 
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In other words, to an increasing oscillation reactive elements have a “‘loss” 
component of admittance or impedance. This “loss” component.corre- 
sponds not to dissipation but to the increasing storage of electric or magnetic 
energy in the reactive elements as the oscillation increases in amplitude. 

The admittance curves plotted in Figs. 41-46 may be regarded as contours, 
in the admittance plane for a = 0. If such a contour is known either by 
calculation or experiment, and it is divided into equal frequency increments, 
a simple construction will give a neighboring curve for a = w — jAa where 
Ac is a small constant. Suppose that the change in Y for a frequency 
Aw; is AY;. Then for a change —jAa 


(12.4) 
Thus, to construct from a constant ee admittance curve an admit- 
tance curve for an increasing oscillation, one takes a constant fraction of 
each admittance increment between constant frequency increment points 
(a constant fraction of each space between circles in Figs. 41-46), rotates it 
90 degrees clockwise, and thus establishes a point on the new curve. 

This construction holds equally well for any conformal representation of 
the admittance plane (for instance, for the reflection coefficient plane repre- 
sented on the Smith chart). 

The general appearance of these curves for increasing oscillations in terms 
of the curve for real frequency can be appreciated at once. The increasing 
amplitude curve will lie to the right of the real frequency curve where the 
latter is rising and to the left where the latter is falling. Thus the loops 
will be diminished or eliminated altogether for increasing amplitude oscilla- 
tions, and the low conductance portions will move to the right, to regions 
of higher conductance. This is consistent with the idea that for an increas- 
ing oscillation a “loss” component is added to each reactance, thus degrading 
the “Q”, increasing the conductance, and smoothing out the admittance 
curve. 

The oscillation starts from a very small amplitude, presumably that due 
to shot noise of the electron stream. For an appreciable fraction of the 
build-up period the oscillation will remain so small that nonlinearities are 
unimportant. The exponential build-up during this period is determined 
by the electronic admittance for very small signals. 

As an example, consider a case in which the electronic admittance for 
small signals is a pure conductance with a value of — ye. Here the fact that 
that the quantity is negative is recognized by prefixing a minus sign. 

Assume also that the circuit admittance including the load may be ex- 
pressed as in (a-22) of Appendix I, which holds very nearly in case there 
is only one resonance in resonator and load. Then for a complex frequency 
We — ja the circuit admittance will be 
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Vo = Ge + 2Ma/wWe (12.5) 
Thus in this special case we have for oscillation 
Yeo = Go + 2May/wo (12.6) 
and 
=~ (Yu — Ge) (12.7) 
we = 2M eo cc). . 
The amplitude, then, builds up initially according to the law 
V = Vie". (12.8) 


Tf the amplitude does not change too rapidly, the build-up characteristic 
of an oscillator can be obtained step-by-step from a number of contours 
for constant « and from a — Y, curve marked with amplitude points. The 
—Y. curve might, for instance, be obtained from a Rieke diagram and an 
admittance curve. 

Consider the example shown in Fig. 56. Fig. 56a shows curves con- 
structed for complex frequencies from the admittance curve for the resonant 
circuit for real frequency. In addition the negative of the electronic ad- 
mittance is shown. Oscillation will start from some very small amplitude, 
V = Vo, and build-up at an average rate given by a = 2.5 X 10 until 
V = 1. Let V, = 1. Then the interval to build-up from V = .1 to 


V = lis 
1 
Ae ()) 
2.5 X 10-* 
= .92 xX 10° seconds. 


At 


From amplitude 1 to amplitude 2 the average value of « will be 1.5 X 10° 
and the time interval will be 
2 
(j) 


~ 15 x 10 
= .46 X 10 seconds. 


n() 
Ape EN 
TS LO 
= .80 X 10 seconds. 
The build-up curve is shown in Fig. 56b. 


Al 


Similarly, from 2 to 3 


Similarly, from a family of admittance contours constructed from a cold 
impedance curve, and from a knowledge of frequency and amplitude vs time, 
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Y, can be obtained as a function of time. It may be that in many cases the 
real part of the frequency is nearly enough constant during build-up so that 
only the amplitude vs time need be known. As the input will commonly bea 
function of time for such experimental data, Y, vs time will yield Y, at vari- 


o 

ur 

Z 

& 

w 

v 

Dd 

2 

a 
RATE OF 
BUILD-UP, 

ae 

wh 

2 

g 

a 

< 

v 





° 0.5 1.0 15 2.0 25 3.0 
TIME, t, IN MICROSECONOS 


Fig. 56.—a. A plot of the circuit admittance (solid lines) for various rates of build-w 
specified by the parameters a. The voltage builds up as e*‘. The circuit conductance is 
greater for large values of a. The negative of the electronic admittance is shown by the 
dashed lines. The circles mark off the admittance at which various amplitudes or voltages 
of oscillation occur. The intersections give the rates of build-up of oscillation at various 
voltages. By assuming exponential build up at a rate specified by a between the voltages 
at these intersections, an approximate build-up can be constructed. 

b. A build up curve constructed from the data in Fig. 56a. 


ous amplitudes and inputs. Curves for various rates of applying input will 
yield tables of Y, as a function of both input and amplitude. 

It will be noted that to obtain very fast build-up with a given electronic 
admittance, the conductance should vary slowly with a. This is the same 
as saying that the susceptance should vary slowly with w, or with real fre- 
quency. For singly resonant circuits, this means that w./M should be large. 

Suppose the admittance curve for real frequency, i.e. a = 0, has a single 


REFLEX OSCILLATORS 549 


loop and is symmetrical about the G axis as shown in Fig. 57. Suppose the 
— FY, curve lies directly on the G axis. The admittance contours for increas- 
ing values of a will look somewhat as shown. Suppose build-up starts on 
Curve 2. When Curve 1 with the cusp is reached, the build-up can con- 
tinue along either half as the loop is formed and expands, resulting either of 
the two possible frequencies of Curve 0. Presumably in this symmetrical 
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Fig. 57.—Circuit admittance vs circuit conductance in arbitrary units for different 
rates of build-up at turn-on. When the build-up is rapid (a = 2) the admittance curve 
hasnoloop. _As the rate of build-up decreases the curve sharpens until it has a cusp a = 1. 
As the rate of build-up further decreases the curve develops a loop (a = 0). There may 
be uncertainty as to which of the final intersections with the a = 0 line will represent 
oscillation. 


case, nonsynchronous fluctuations would result in build-up to each frequency 
for half of the turn-ons. If one frequency were favored by a slight dis- 
symmetry, the favored frequency would appear on the greater fraction of 
turn-ons. For a great dissymetry, build-up may always be in one made, 
although from the impedance diagram steady oscillation in another mode 
appears to be possible. 
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In the absence of hum or other disturbances the build-up of oscillations 
starts from a randomly fluctuating voltage caused by shot noise.” Thus, 
from turn-on to turn-on some sort of statistical distribution may be expected 
in the time 7 taken to reach a given fraction of the final amplitude. In un- 
published work Dr. C. R. Shannon of these laboratories has shown that in 
terms of ap, the initial rate of build-up, the standard deviation 57 and the 
root mean square deviation (67%) are given by 


ir = .38/ae (12.9) 
(672)? = 64/00 (12.10) 


Thus the jitter” in the successive positions of the r-f pulses associated with 
evenly spaced turn-ons is least when the initial rate of build-up, given by a, 
is greatest. 

Such conditions do not obtain on turn-off, and there is little jitter in the 
trailing edge of a series of r-f pulses. This is of considerable practical 
importance. 


XIII, REFLEX OscinLAToR DEVELOPMENT AT THE BELL TELEPHONE 
LABORATORIES 


For many years research and development directed towards the genera- 
tion of power at higher and higher frequencies have been conducted at the 
Bell Telephone Laboratories. An effort has been made to extend the fre- 
quency range of the conventional grid controlled vacuum tube as well as 
to explore new principles, such as those embodied in velocity variation 
oscillators. The need for centimeter range oscillators for radar applications 
provided an added impetus to this program and even before the United 
States entry into the war, as well as throughout its duration, these labora- 
tories, cooperating with government agencies, engaged in a major effort to 
provide such power sources. The part of this program which dealt with 
high power sources for transmitter uses has been described elsewhere. This 
paper deals with low power sources, which are used as beating oscillators in 
radar receivers. In the following sections some of the requirements on a 
beating oscillator for a radar receiver will be outlined in order to show how 
the reflex oscillator is particularly well suited for such an application. 


A. The Beating Oscillator Problem 


The need for a beating oscillator in a radar system arises from the neces- 
sity of amplifying the very weak signals reflected from the targets. Imme- 
diate rectification of these signals would entail a very large degradation in 
signal to noise ratio, although providing great simplicity of operation. It 
would also lead to a lack of selectivity. Amplification of the signals at the 


11 See Appendix 10. 
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signal frequency would require centimeter range amplifiers having good 
signal to noise properties. No such amplifiers existed for the centimeter 
range, and it was necessary to beat the signal frequency to an intermediate 
frequency for amplification before rectification. For a number of reasons, 
such intermediate frequency amplifiers operate in the range of a few tens 
of megacycles, so that the beating oscillator must generate very nearly the 
same frequency as the transmitter oscillator. 

In radar receivers operating at frequencies up to several hundred mega- 
cycles, conversion is frequently achieved with vacuum tubes. For higher 
frequencies crystal converters have usually been employed. With few ex 
ceptions, the oscillators to be described were used with these crystal con- 
verters which require a small oscillator drive of the order of one milliwatt. 
In general it is desirable to introduce attenuation between the oscillator and 
the crystal to minimize effects due to variation of the load. Approximately 
13 db is allowed for such padding so that a beating oscillator need supply 
about 20 milliwatts. Power in excess of this is useful in many applications 
but not absolutely necessary. Since the power output requirements are 
low, efficiency is not of prime importance and is usually, and frequently 
necessarily, sacrificed in the interest of more important characteristics. 

The beating oscillator of a radar receiver operating in the’ centimeter 
range must fulfill a number of requirements which arise from the particular 
nature of the radar components and their manner of operation. The inter- 
mediate frequency amplifier must have a minimum pass band sufficient to 
amplify enough of thé transmitter sideband frequencies so that the modu- 
lating pulse is reproduced satisfactorily. It is not desirable to provide much 
margin in band width above this minimum since the total noise increases 
with increasing band width. It is therefore necessary for best opera- 
tion that the frequency of the beating oscillator should closely follow fre- 
quency variations of the transmitter, so that a constant difference frequency 
equal to the intermediate frequency is maintained. 

This becomes more difficult at higher frequencies, inasmuch as all fre- 
quency instabilities, such as thermal drifts, frequency pulling, etc. occur as 
percentage variations. Some of the frequency variations occur at rapid 
rates. An example of this is the frequency variation which is caused by 
changes in the standing wave presented to the transmitter. Such varia- 
tions may arise, for instance, from imperfections in rotating joints in the 
output line between the transmitter to the scanning antenna. 

For correction of slow frequency drifts a manual adjustment of the fre- 
quency is frequently possible, but instances arise, notably in aircraft installa- 
tions, in which it is not possible for an operator to monitor the frequency 
constantly. Rapid frequency changes, moreover, occur at rates in excess 
of the reaction speed of a normal man. Hence for obvious tactical reasons 
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it is imperative that the difference frequency between the transmitter and 
the beating oscillator should be maintained by automatic means. As an 
illustration of the problem one may expect to have to correct frequency 
shifts from all causes, in a 10,000 megacycle system, of the order of 20 mega- 
cycles. Such correction may be demanded at rates of the order of 100 mega- 
cycles per second per second. 

Although the frequency range of tricde oscillators has since been some- 
what extended, at the time that beating oscillators in the 10 centimeter 
range were first required the triode oscillators available did not adequately 
fulfill all the requirements. In general the tuning and feedback adjust- 
ments were complicated and hence did not adapt themselves to autematic 
frequency control systems. Velocity variation tubes of the multiple gap 
type which gave more satisfactory performance than the tricdes existed in 
this range. These, however, generally required operating voltages of the 
order of a thousand volts and frequently required magnetic fields for fccus- 
sing the electron stream. The tuning range obtainable by electrical means 
was considerably less than needed and, just as in the case of the tricde cscil- 
lator, the mechanical tuning mechanism did not adapt itself to automatic 
control. These difficulties fccussed attention on the reflex oscillator, whcse 
properties are ideally suited to automatic frequency control. The feature 
ofa single resonant circuit is of considerable importance in a military applica- 
tion, in which simple adjustments are of primary concern. The repeller 
control of the phase of the negative electronic admittance which causes 
oscillation provides a highly desirable vernier adjustment of the frequency, 
and, since this control dissipates no power, it is particularly suited to auto- 
matic frequency control. Furthermore, since the upper limit on the rate of 
change of frequency is set by the time of transit of the electrons in the repeller 
field and the time constant of the resonant circuit, both of which are gen- 
erally very small fractions of a micro-second, very rapid frequency correction 
is possible. 

As the frequency is varied with the repeller voltage, the amplitude of 
oscillation also varies in a manner previously described. The signal to noise 
performance of a crystal mixer depends in part on the beating oscillator 
level and has an cptimum value with respect to this parameter. In conse- 
quence, there are limitations on how much the beating oscillator power 
may depart from this cptimum value. This has a bearing on the oscillator 
design in that the amount of amplitude variation permitted for a given 
frequency shift is limited. The usual criterion of perfomance adopted has 
been the electronic tuning, i.e. the frequency difference, between points for 
a given repeller mcde at which the power has been reduced to half the maxi- 
mum value. 

Reception of the wrong sideband by the receiver causes trouble in con- 
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nection with automatic frequency control circuits in a manner too compli- 
cated for treatment here. In some cases this necessitates a restriction on 
the total frequency shift between extinction points for a given repeller mode. 
The relationship between half power and extinction electronic tuning has 
been discussed in Section VII. 

In addition to the electrical requirements which have been outlined, 
military applications dictate two further major objectives. The first is the 
attainment of simple installation and replacement, which will determine, in 
part, the outward form of the oscillator. The second is low voltage opera- 
tion, which fundamentally affects the internal design of the tubes. In some 
instances military requirements conflict with optimum electronic and circuit 
design, and best performance had to be sacrificed for simplicity of construc- 
tion and operation. In particular, in some cases it was necessary to design 
for maximum flexibility of use and compromise to a certain extent the 
specific requirements of a particular need. 

In the following section we will describe a number of reflex oscillators 
which were designed at the Bell Telephone Laboratories primarily to meet 
military requirements. These oscillators are described in approximate 
chronological order of development in order to indicate advances in design 
and the factors which led to these advances. 

The reflex oscillators which will be described fall into two general classi- 
fications determined by the method employed in tuning the resonator. In 
one category are oscillators tuned by varying primarily the inductance of the 
resonator and in the other are those tuned by varying primarily the capaci- 
tance of the resonator. The second category includes two types in which 
the capacitance is varied in one case by external mechanical means and in 
the second case by an internal means using a thermal control. 


B. A Reflex Oscillator With An External Resonator—The 707 


The Western Electric 707A tube, which was the first reflex oscillator 
extensively used in radar applications, is characteristic of reflex oscillators 
using inductance tuning. It was intended specifically for service in radar 
systems operating at frequencies in a range around 3000 megacycles. Fig. 58 
shows a photograph of the tube and Fig. 59 an x-ray view showing the inter- 
nal construction. A removable external cavity is employed with the 707A 
as indicated by the sketch superimposed on the x-ray of Fig. 59. Such 
cavities are tuned by variation of the size of the resonant chamber. Such 
tuning can be considered to result from variation of the inductance of the 
circuit. 

The form of this oscillator is essentially that of the idealized oscillator 
shown in, Fig. 58. The electron gun is designed to produce a rectilinear 
cylindrical beam. The gun consists of a disc cathode, a beam forming elec- 
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Fig. 58.—External view of the W.E. 707-A reflex oscillator tube. This tube is intended 
for use with an external cavity and was the first of a series of low voltage oscillators. 


trode and an accelerating electrode G, which is a mesh grid formed on a 
radius. The gun design is based on the principle of maintaining boundary 
conditions such that a rectilinear electron beam will flow through the 
resonator gap. The resonator grids G, and Gs are mounted on copper discs. 
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One of these has a re-entrant shape to minimize stray capacitance in the 
resonant circuit. These discs are sealed to glass tubing which provides a 


REPELLER 









ELECTRODE 
CATHODE 

















Fig. 59.—X-ray view of the W.E. 707-A shows the method of applying an external 
cavity tuned with a piston. 


vacuum envelope. The discs extend beyond the glass to permit attach- 
ment to the external resonant chamber. The shape of the repeller is chosen 
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to provide as nearly as possible a uniform field in the region into which the 
beam penetrates. 

A wide variety of cavity resonators has been designed for use with this 
oscillator. An oscillator of this construction is fundamentally capable of 
oscillating over a much wider frequency range than tubes tunable by means 
of capacitance variation. The advantage arises from the fact that the inter- 
action gap where the electron stream is modulated by the radio frequency 
field is fixed. As discussed in more detail in Section X, this results in a 
slower variation of the modulation coefficient with frequency and also a 
slower variation of cavity losses and gap impedance than in an oscillator in 
which tuning is accomplished by changing the gap spacing. A cavity 
designed for wide range frequency coverage using the 707A tube is shown in 
Fig. 60. Using such a cavity it is possible to cover a frequency range from 
1150 to 3750 megacycles. The inductance of the circuit is varied by moving 
the shorting piston in the coaxial line. For narrow frequency .ranges, 





Fig. 60.—Sketch showing a piston tuned circujt for the W.E. 707-A which will permit 
operation from 1150 to 3750 mc. 


cavities of the type shown in Fig. 61 are more suitable. In such cavities 
tuning is effected by means of plugs which screw into the cavity to change 
its effective inductance. Power may be extracted from the cavity by means 
of an adjustable coupling loop as shown in Fig. 61. , 

The 707A was the first reflex oscillator designed to cperate at a low voltage 
ie. 300 volts. This low operating voltage proved to be a considerable 
advantage in radar receivers because power supplies in this voltage range 
provided for the i.f. amplifiers could be used for the beating oscillator as 
well. Operation at this voltage was achieved by using an interaction gap 
with fine grids, which limits the penetration of high frequency fields. This 
results in a shorter effective transit angle across the gap for a given gap 
spacing and a given gap voltage than for a gap with coarse or no grids. 
Hence, for a given gap spacing a gcod modulation ccefficient can be ob- 
tained at a lower yoltage. Moreover, since drift action results in more effi- 
cient bunching at low voltages, a larger electronic admittance is obtained 
than with an open gap. This gain in admittance more than outweighs the 
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greater capacitance of a gap with fine grids, so that a larger electronic tuning 
range is obtained than with an open gap. The successful low voltage 
operation of the 707A established a precedent which was followed in all the 
succeeding reflex oscillators designed for radar purposes at the Bell Tele- 





Fig. 61.—A narrow tuning range cavity for the W.E. 707-A of the type used in radar 
systems. The inductance of the cavity can be adjusted by moving screws into it. This 
view also shows the adjustable coupling loop. 


phone Laboratories. The 707A is required to provide a minimum power 
output of 25 milliwatts and a half power electronic tuning of 20 megacycles 
near 3700 megacycles. The power output and the electronic tuning are in 
excess of this value over the range from 2500 megacycles to 3700 megacycles 
in a repeller mode having 33 cycles of drift. 
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C. A Reflex Oscillator With An Integral Cavity—The 723 


The need for higher definition in radar systems constantly urges operation 
at shorter wavelengths. Thus, while radar development preceeded at 3000 
megacycles, a program of development in the neighborhccd cf 10,C00 
megacycles was undertaken. Although waveguide circuit techniques were 
employed to some extent at 3000 megacycles, the cumbersome size of the 
guide made its use impractical in the receiver and hence coaxial techniques 
were employed. The 1’’ by 3” guide used at 10,000 megacycles is con- 
venient in receiver design and also desirable because the loss in coaxial con- 
ductors becomes excessive at this frequency. Hence, one cf the first 
requirements on an éscillator for frequencies in this range was the adaptabil- 
ity of the output circuit to waveguide coupling. 

In considering possible designs for a 10,000 megacycle oscillator the simple 
scaling of the 707A was studied. This appeared impractical for a number 
of reasons. The most important limitation was the constructional diffi- 
culty of maintaining the spacing in the gap with sufficient accuracy with 
the glass sealing technique available. Also, variations in the capacitance 
caused by variations in the thickness of the seals caused serious difEcul- 
ties in predetermining an external resonator. Contributing difficulties 
arose from the power losses in the glass within the resonant circuit and the 
prcblem of making the copper to glass seals close to the internal elements. 

Consideration of these factors led to a new approach to the problem, in 
which the whole of the resonant circuit was enclosed within the vacuum 
envelope. This required a different mechanism for tuning the resonator, 
since variation of the inductance of a cavity requires relatively large dis- 
placements which are difficult to achieve through vacuum seals. The 
alternative is to vary the capacitance of the gap. Since the gap is small a 
relatively large change in capacitance can be achieved with a small dis- 
placement. This sort of tuning permits the use of metal tube construc- 
tional techniques, and these were applied. 

Asa matter of historical interest an attempt at this technique made at the 
Bell Telephone Laboratories is shown in Fig. 62. This device was held to- 
gether by a sealing wax and string technique and was net tunable in the first 
version. It oscillated successfully cn the pumps, however, and a second 
version was constructed which was tuned by means of an adjustable coaxial 
line shunting the cavity resonator. Adjustment of this auxiliary line gave 
a tuning range of 7.5%. Such a tuning methcd is fraught with the ccm- 
plications outlined in Section IX. 

An early reflex oscillator tube of the integral cavity type designed at the 
Bell Telephone Laboratories was the Western Electric 723A/B. 
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This design was superseded later by the W.E. 2K25 which has a greater 
frequency range and a number of design refinements. From a construc- 
tional point of view the two types are closely similar, however, and to avoid 
duplication the later tube will be described to typify a construction which 
served as a basis for a whole series of oscillators in the range from 2500 to 
10,000 Mc/s. 





Fig. 62.—An early continuously pumped metal reflex oscillator tuned with an 
external line. 

Before proceeding to a description of the 2K25 tube it seems desirable to 
recapitulate in more detail the design objectives from a mechanical point 
of view. These were: . 

1. To provide a design which would lend itself to large scale production 
and one sufficiently rugged as to be capable of withstanding the rough 
use inherent in military service. 

2. To provide output means which permit coupling to a wave guide in 
such a manner that installation or replacement could be accomplished 
in the simplest possible manner. 

3. To provide a tuning mechanism for the resonant circuit which, while 
simple, would give sufficiently fine tuning to permit setting and holding 
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a frequency within one or two parts in 10,000. In addition, in order 
to avoid field installation it was desired to have the tuning mechanism 
cheap enough to be factory installed and discarded with each tube. 

4. The oscillator was required to be compact and light in weight to 

facilitate its use in airborne and pack systems. 

Figure 63 shows a cross-section view of the final design of the 2K25 reflex 
oscillator. The resonant cavity is formed in part by the volume included 
between the frames which support the cavity grids and also by the 
volume between the flexible vacuum diaphragm and one of the frames. 
This diaphragm also supports a vacuum housing containing the repeller. 
The electron optical system consists of a disc cathode, a beam electrode and 
an accelerating grid. These are so designed as to produce a slightly con- 
vergent outgoing electron stream. The purpose of this initial convergence 
is to offset the divergence of the stream caused by space charge after the 
stream passes the accelerating grid and to minimize the fraction of the elec- 
tron stream captured on the grid frame on the round trip. The repeller 
is designed to provide as nearly as possible a uniform retarding field through 
the stream cross-section. 

Power is extracted from the resonant circuit by the coupling loop and is 
carried by the coaxial line to the external circuit. The center conductor of 
the coaxial line external to the vacuum is supported by a polystyrene in- 
sulator and extends beyond the outer conductor to forma probe. Coupling 
to a wave guide is accomplished by projecting this probe through a hole in 
that wall of the wave guide which is perpendicular to the E lines so that 
the full length of the probe extends into the guide. The outer conductor 
is connected to the wave guide either metallically or by means of an rf. 
bypass or choke circuit. A more detailed section on such coupling methods 
will be given later. 

The tube employed a standard octal base modified to pass the coaxial line. 
Thus if a standard octal socket is similarly modified and mounted on the 
wave guide it is possible to couple the oscillator to the wave guide and 
power supply circuits simply by plugging it into the socket, just as with 
any conventional vacuum tube. 

The tuning means for this type of oscillator tube presented a serious 
problem. ‘This will be appreciated when it is realized that the mechanism 
must permit setting frequencies correctly to within one megacycle in a device 
in which the frequency changes at the rate of approximately 200 megacycles 
per thousandth of an inch displacement of the grids. In other words, the 
tuner was required to make possible the adjustment of the grid spacing to 
an accuracy of five millionths of an inch. The design of the mechanism 
adopted was originated by Mr. R. L. Vance of these Laboratories. The 
operation of the tuner can be seen from an examination of the cross-section 
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Fig. 63.—A 3 centimeter reflex oscillator with an internal resonator. This tube is a 
further development of the earliest internal resonator reflex oscillator designed at the Bell 
Telephone Laboratories. 
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and external views of Figs. 63 and 67. On one side of the tube a strut extend- 
ing from the base is attached to the repeller housing. This strut acts as a 
rigid vertical support but provides a hinge for lateral motion. On the 
oppos'te side the support is provided by a pair of steel strips. These are 
clamped together where they are attached to the vacuum housing support 
and also where they are attached to a short fixed strut near the base. A 
nut is attached rigidly to the center of each strip. One nut has a right and 
the other a left handed thread. ‘A screw threaded right handed on one half 
and left handed on the other half of its length turns in these nuts and drives 
them apart. The mechanism is thus a toggle which, through the linkage 
provided by the repeller housing, serves to move the grids relative to one 
another and thus to provide tuning action. 

The 723A/B was originally designed for a relatively narrow band in the 
vicinity of 9375 megacycles. It operates at a resonator voltage of 300 velts 
and the beam current of a typical tube would be approximately 24 milliam- 
peres. The design was based on the use of repeller voltage mode which 
with the manufacturing tolerances lay between 130 and 185 volts at 9375 
megacycles. It is difficult to establish with certainty the number cf cycles 
of drift for this mode. Experimental data can be fitted by values cf either 
6% or 72 cycles and various uncertainties make the value calculated from 
dimensions and observed voltages equally unreliable. This value is, how- 
ever, of interest principally to the designer and of no particular moment in 
application. The performance was specified for the output line of the cs- 
cillator coupled to a §” x 1}’’ wave guide so that the probe projected full 
length into the guide through the wider wall and on the axis of the guide. 
With a matched load coupled in one direction and a shorting piston ad- 
justed for an optimum in the other the oscillator was required to deliver a 
minimum of 20 milliwatts power output at a frequency of 9375 megacycles. 
Under the same conditions the electronic tuning was required to be at 
least 28 megacycles between half power points. 

For reasons of continuity a more detailed description of the properties of 
the 3 centimeter oscillator will be given in a later section. The 723A/B 
oscillator served as the beating oscillator for all radar systems operating 
in the 3 centimeter range until late in the war when the 2K25 supplanted 
it. At the time that the 723A/B was developed the best techniques and 
equipment available were employed. In retrospect these were somewhat 
primitive and of course this resulted in a number cf limitations of per- 
formance. Since the tubes designed as beating cscillators commenly 
served as signal generators in the development of ultra-high frequency 
techniques and equipment the wartime designer of such oscillators usually 
found himself in the position of lifting himself by his own bootstraps. In 
spite of these limitations the later modifications of the 723A/B which led to 
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the 2K25 did not fundamentally change the design but were rather in the 
direction of extending its performance to meet the expanding requirements 
of the radar art. The incorporation of the resonant cavity within the 
vacuum envelope resulted in a major revision of the sccpe of the desigrer’s 
problems. He assumed a part of the burden of the circuit engineer in that 
it became necessary for him to design an appropriate cavity and prcdeter- 
mine the correct coupling of the oscillator to the load. The latter trans- 
ferred to the laboratory a problem which in the case of separate cavity oscil- 
lators had been left as a field adjustment. 


D. A Reflex Oscillator Designed to Eliminate Hysteresis—The 2K29 


As service experience with the external cavity type of reflex oscillatcr 
was gained a number of limitations of such a design became apparent. 
The difficulties arose primarily from the conditions of military application. 
A typical difficulty was the corrcsion of cavities and copper flanges under 
the severe tropical conditions met in some service applications. The diffi- 
culty of maintaining a moistureprcof seal in a cavity tuned by variation 
of the inductance made it very difficult to alleviate this conditicn. ‘The 
success of the all'’metal technique in the three centimeter range suggested 
the application of the same principles to the design of a 10 centimeter 
oscillator and this was undertaken. 

Mechanically, the problem was straightforward, but an extrapolation of 
the electrical design of the 723A/B to 10 centimeters suffered from a fatal 
defect. The difficulty, previously described in Section VIII, was the dis- 
continuous and multiple valued character of the output as a function of the 
repeller voltage. Reference to Fig. 19 will indicate the operational prob- 
lems which would arise in an oscillator in which the hysteresis existed in 
marked degree. The a.f.c. systems were such that in starting the repeller 
voltage would start from a value more negative than required for cscilla- 
tion and decrease. As the repeller voltage decreased thrcugh the range 
where oscillation would occur the frequency would of course cover a range 
of values. When the repe'ler voltage reached a value such that the fre- 
quency of the cscillator had a value differing from the transmitter by the 
intermediate frequency the steady shift of the repeller voltage would be 
stopped and would then hunt over a limited range about the value requircd 
to maintain the difference frequency. When adjusted for cperaticn this 
condition would pertain with the repeller voltage at a value such that the 
oscillator would be delivering maximum power. If under operating con- 
ditions the frequency required of the oscillatcr by the system drifted to that 
corresponding to the amplitude jump at B, any further drift of frequency 
could not be corrected. Thus, cne effect of the hysteresis is to limit the 
electronic tuning range. As a second pessibility, let us assume that the 
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frequency has drifted so that the oscillator is operating in a range between 
A and B of Fig. 19. If now the operation of the system is momentarily 
interrupted the a.f.c. system will start hunting. This is done by returning 
to the non-oscillating repeller voltage just as when operation is initiated. 
When the hunting repeller voltage passes through the value between A 
and B from the non-oscillating state no oscillation occurs and hence the 
a.f.c. cannot lock in and the system becomes inoperative. Thus it is im- 
perative that hysteresis be kept, as a minimum requirement, outside the 
useful electronic tuning range. 

As indicated in Section VIII it was found that the electronic hysteresis 
occurred when the electron stream made more than two transits across the 
gap. Thus an added objective of the design of the 10 centimeter metal 
oscillator became the achievement of an electron optical system which 
would limit the number of transits to two while insuring that the maximum 
number of electrons leaving the cathode would make the two transits with 
a minimum spread in zero signal transit time. 

Figure 64 shows a sectional view of the final design adopted. The elec- 
tron optical structure differs from that of the 723A/B in a number of 
respects. ‘The first grid of the 723A/B has been eliminated and one of the 
cavity grids now plays a dual role in simultaneously serving as an accelerat- 
ing grid. The grids are curved towards the cathode, which has a central 
spike. This arrangement is intended to produce a hollow cylindrical elec; 
tron stream. It will be observed that the second grid is larger in diameter 
than the first and that the repeller has a central spike. The design is such 
that the cylindrical beam entering the repeller region is caused to diverge 
radially, so that in re-traversing the gap after its reversal in direction it 
impinges on and is captured by the frame supporting the first grid. 

The repeller design was determined by using an electrolytic trough to 
determine the potential plots for a number of trial configurations. Then 
by making point by point calculations of the electron paths the best con- 
figuration was chosen. A typical example of such path tracing is shown in 
Fig. 65. This figure shows the equipotential lines and the trajectories 
computed for electrons on the inner and outer boundaries of the outgoing 
stream. The method of calculating the trajectories has been described by 
Zworykin and Rajchman.” It assumes that space charge may be neg- 
lected. Fig. 65 shows that the repeller design is such that the cylindrical 
outgoing stream is focussed upon its return onto the frame supporting the 
first grid. The cathode spike prevents emission from the central portion 
of the cathode, since it would be difficult to prevent electrons from this 
portion from returning into the cathode space. A second requirement on 


roe vs K. Zworykin and J. A. Rajchman, Proc. of I.R.E., Sept. 1939, Vol. 17, No. 9, pp. 
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Fig. 64.—Section view of the W.E. 2K29 reflex oscillator shows the electron optical 
system used in eliminating hysteresis. (Fig. 65) This tube has an internal cavity and is 
designed for the frequency range from 3400 to 3960 mc/s. 
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the design was that the spread in the transit angle for zero signal should be 
small. This requirement is not as stringent as might be expected. The 
contribution to the electronic conductance by a current element whose 
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Fig. 65.—Repeller design for eliminating hysteresis in a reflex oscillator. The electrons 
make only two transits through the gap. The repeller does not return them to the cathode 
region but to the edge supporting one of the grids of the gap. Equipotentials determined 
from an electrolytic trough investigation are shown and the electron trajectories com- 
puted from these equipotentials. 


transit angle deviates from the optimum by a small angle Aé varies as cos A8, 
so that even for spreads in angle as great as -t 30° the effect is not serious. 

The design illustrated in Fig. 64 was strikingly effective in reducing 
hysteresis. Fig. 66 shows repeller characteristics for the original design 
which was extrapolated from the 723A/B and for the design of Fig. 64. 
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In addition to improving the electronic tuning characteristics the design 
was found to be more stable against variations in load, as would be ex- 
pected from the discussion of Section VIII. 

The arrangement adcpted provided a prototype electron optical system 
which was used in a whcle series cf reflex oscillators designed for radar and 
communication systems. These tubes were the 726A, 726B and 726C, 
2K29, 2K22, 2K23 and 2K56. 

The output line of these tubes is intended to couple through an adapter 
to either a coaxial line or a wave guide. In the first case the adapter serves 
to couple the output line of the tube to the cable, in some instances through 
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Fig. 66.—Use of the electron optical system shown in Fig. 65 eliminated the bad fea- 
tures of the repeller characteristics of the earlier 1349XQ in which the electrons were re- 
turned to the repeller region and gave the repeller characteristic of the final 2K29 
(dashed line). 


an impedance transformer and in some instances directly. As practice 
developed it became standard to design for optimum oscillator output 
characteristics with output line coupled to a 50 ohm resistive impedance. 
In the second case the adapter serves to couple the tube output line to the 
guide through a transducer. 

A typical example of a reflex oscillator incorporating this construction 
is the 2K29. This tube is intended to cover the frequency range frcm 3400 
to 3960 Mc/s. An external view of this tube is shown in Fig. 67. It will 
be observed that the center conductor of the output line extends beyond the 
polystyrene supporting bushing. Fig. 68 shows an adapting fitting which 
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permits the oscillator to be coupled to a fifty ohm coaxial cable. The 
center conductor of the tube output line projects into the split chuck, 
while contact is made to the outer conductor of the tube output line by the 
spring contact fingers F. The coupling unit can be mounted in a standard 
octal socket so that the tube can be coupled simultaneously to the power 
supplies and the high frequency circuit by a simple plug in operation. It 
is frequently desirable to insulate the outer conductor of the oscillator from 





Fig. 67.—Metal reflex oscillator with enclosed resonator designed for operation from 
3400 to 3960 mc/s. 
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Fig. 68.—A transducer for connecting the output lead of the 2K29 to a 50 ohm cable. 


the line for direct voltages while maintaining the high frequency contact. 
This can be accomplished with either an insulating sleeve of low capacitance 
or a modification of the design which incorporates a high frequency trap 
in the outer conductor. In some instances it is necessary to insulate the 
center conductor of the tube from the line for direct voltages. This can be 
done with a concentric condenser. The characteristic impedance of the 
section of the coupler may be made the same as that of the line by main- 
taining the proper ratio of the diameters of the condenser and the outer 
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conductor or may be arranged so that the condenser serves simultaneously 
as an impedance transformer to transform the impedance of the line to that 
required for best performance of the oscillator. A general discussion of 
the problems involved in such coupling designs will be given in a later sec- 
tion. 

One of the primary considerations in the design of a reflex oscillator is 
the choice of resonator characteristics. The various controlling factors 
have been outlined in previous sections. In Section X it was shown that 
the power output and the electronic tuning optimize at different gap transit 
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Fig. 69.—Power output and electronic tuning vs frequency for the 2K29 reflex oscillator 


The solid lines give the performance into a load adjusted for optimum power output at 
each frequency. The dashed lines show the performance obtained when the tube is 
coupled to a 50 ohm load by means of the fitting of Fig. 68. 


angles. It is therefore necessary to compromise with the ultimate use in 
mind. Ina beating oscillator for a radar receiver, uniformity of the elec- 
tronic tuning is of greater importance than uniformity of power output, 
since an adjustment of the coupling to the crystal permits some variation 
of the latter quantity. Hence, the resonator characteristics are chosen to 
provide as nearly uniform electronic tuning as possible. Fig. 69 shows the 
electronic tuning and power output characteristics for the Western Electric 
2K29 tube. These are shown for two conditions. The solid lines show the 
power output and electronic tuning measured into an adjustable load which 
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made it possible to present to the oscillator at each frequency the admittance 
into which the oscillator delivered maximum power output. The solid 
lines show the power output and electronic tuning over the band with the 
oscillator connected to a load presenting a resistive 50 ohm impedance to 
the coupling unit of Fig. 68. The problems involved in obtaining such 
performance will be outlined in the next section. 


E. Broad-Band Reflex Oscillators—The 2K25 


As experience with the design of radar systems and components developed 
and as a better understanding of the operation and limitations of the in- 
dividual components was achieved, a great deal of effort was directed 
toward simplifying and making more reliable the number of adjustments 
required to optimize the performance of a system. As an illustration of 
this problem as related to the beating oscillator, the develcpment problem 
of the 2K25 will be described. As the number of radar systems in the three 
centimeter range increased it became apparent that to avoid self-jamming 
it would be desirable to assign frequencies to various sets operating, for 
example, in a fleet unit. Secondarily, the over-all band of the three centi- 
meter range was widened to cover from 8500 to 9660 Mc/s. Prior to this 
the 723A/B had been essentially a spot frequency cscillator and had been 
primarily tested as such. As was so frequently the case with tubes for 
military requirements, it was desired that the ultimate tube be interchange- 
able with an existing tube, in this case the 723A/B, and hence the im- 
provements had to be effected within its framework. 

Changes in the electronic design from that of the 723A/B prcduced an 
improved performance in the 2K25. These were a mcdification of the 
electron gun which increased the effectiveness of the electron stream and 
the elimination of a resonance of the region containing the electron gun 
which coupled with the resonant cavity and in some cases impaired the 
performance over the wide band. Beyond this the problem concerned the 
determination of an output coupling system which would provide the de- 
sired properties. This will be described in detail. 

One of the most serious difficulties which occurred in early radar receivers 
arose from the general failure to appreciate the effect of the load impedance 
on the performance of an oscillator. This problem has been discussed in 
Section IX. In early radar receivers the method of coupling the beating 
oscillator to the crystal was dictated mainly by mechanical convenience 
rather than electrical considerations, and as a result most of the discontinu- 
ities of performance due to bad load conditions which are discussed in 
Section IX occurred at one time or another in most of the systems. For 
instance, users were much surprised to find that a beating oscillater which 
could be tuned to frequencies both above and below that required for 
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reception of the signal might yet fail to oscillate at the desired frequency. 
The convenience of simple replaceability of the local oscillator became in 
this instance a cross for its designer, since an exchange of tube would fre- 
quently eliminate the effect. This led to the obvious conclusion on the part 
of the user that the oscillator was defective, in spite of the fact that the pre- 
sumably defective tube had passed the test specifications and would operate 
satisfactorily in some other receiver. The plain fact, in the light of later 
knowledge, was that the tubes were being improperly used, so that the 
usual range of manufacturing variations was not tolerable. 

The appreciation of this fact led to a new approach to the problem of 
coupling the beating oscillator to a waveguide. In early designs the oscil- 
lator was decoupled from the load by withdrawing the probe from the wave- 
guide. This presented the oscillator with an uncontrolled admittance with 
disastrous results in many cases. The. new approach, proposed by the 
group working with Dr. H. T. Friis at the Bell Telephone Laboratories, was 
that of designing the receiver so that the beating oscillator could be oper- 
ated into an essentially fixed impedance. The crystal was in this case 
loosely coupled to form a part of this load, so that variations in its impedance 
and the impedance looking toward the TR tube were largely masked. A 
great many further refinements in the design of the receiver have since 
been proposed, but this basic principle of defining the load into which the 
oscillator is required to operate is fundamental to all. In the interests of 
simplicity of use it appeared to be desirable to endeavor to pre-plumb the 
coupling of the oscillator to the wave guide. The tube designer in this 
instance found himself perforce, as so frequently occurs in dealing with 
micro-waves, a circuit designer—an instructive and illuminating experience 
which might happily be reversed. 

The wave guide coupling was made separate from the tube, both to 
preserve the plug in feature of the tube and to maintain its interchange- 
ability with the 723A/B. Asa further simplification it was desired that the 
coupling should require no adjustments. A convenient fixed load admit- 
tance to present to this coupler is the characteristic admittance of the wave 
guide, since this can readily be maintained fixed over a wide band. The 
problem, then, is the apparently straightforward one of transforming the 
guide admittance to the admittance which the oscillator requires for opti- 
mum performance. Actually, the problem is complicated by the fact that 
the optimum admittance will vary throughout the band. The electronic 
admittance varices with frequency even for a fixed drift angle, because the 
modulation coefficient of the gap varies as the oscillator is tuned. The 
losses of the resonator also vary with frequency, both because of skin effect, 
the depth of penetration of the high frequency currents changing with fre- 
quency, and because the circulating currents in the resonator are a function 
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of the effective capacitance of the gap. As the capacitance increases in 
tuning to lower frequencies the J’R losses therefore increase. 

The objective of the coupling design may not be to obtain maximum 
power output at all points in the band but rather to obtain uniformity of 
electronic tuning and power output. An additional requirement in some 
cases is that a minimum sink margin as defined in section VIII should be 
maintained. This is equivalent to the problem arising in magnetron design 
of controlling the pulling figure.’ 

In designing an appropriate wave guide coupling a number of variables 
are at one’s disposal. In the case of the W.E. 2K25 the variables available 
are, the length of the tube probe exposed within the guide, the offset of the 
probe from the axis of the guide, and the distance from the probe to the 
shorting piston in the guide. In addition, the characteristics of the output 
line of the tube are adjustable, and, finally, the coupling of the loop to the 
resonator can be adjusted. As one might expect, there is a large number of 
solutions with so many variables available. The most desirable solution 
is one which provides a low standing wave ratio in all parts of the coupling 
system. The method employed in the present case was to design a wave 
guide to coaxial transducer which would provide a smooth broad band 
transition from the wave guide characteristic admittance to the admittance 
of the coaxial line. In the ideal case, the characteristic admittance of the 
coaxial line to the loop should be maintained as uniform as possible. Struc- 
tural considerations in the present case led to discontinuities which had to 
be appropriately balanced in the final transducer. Dr. W. E. Kock of the 
Bell Telephone Laboratories has given an expression which, for thin probes, 
relates the probe length, the offset and the distance of the backing piston 
when given the characteristic admittance of the coaxial line and the dimen- 
sions of the guide between which a match is required. Once such a trans- 
ducer has been obtained, the admittances which must be presented to it in 
order to obtain maximum power from the oscillator are measured over the 
band. From such measurements it is then possible to determine the cor- 
rections in the loop size and in the transducer to obtain a given sink margin 
throughout the band. This last step actually involves a certain amount of 
cut and try in an effort to obtain satisfactory performance in all respects. 
Figure 70 illustrates the transducer developed for the W.E. 2K25 oscillator 
for use with 1” by }” wave guide. All tests made on this tube are specified 
in terms of operation in this coupler and with a load having the characteris- 
tic impedance of the 1’’ x }”” guide presented to the coupler. 

Figure 71 shows a performance diagram for a typical W.E. 2K25 oscillator 
operating in the coupler of Fig. 70. The reference plane for the diagram is 


13). B. Fisk, H. D. Hagstrum and P. L. Hartman, “The Magnetron as a Generator of 
Centimeter Waves”, B.S. T. J. Vol. XXV No. 2, pp. 167-348 (April, 1946). 
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not the plane of the grids of the oscillator but is instead a more accessible 
reference plane external to the tube, in this instance the plane through the 
wave guide perpendicular to its axis which includes the tube probe. It will 
be observed that the sink margin in the case illustrated was equal to 5.5. 
At the frequency at which this diagram was obtained, the minimum sink 
margin permitted by the test specification is 2.5. The variation in this 
margin results from a variety of causes. As shown in Section III the sink 
margin is determined by the ratio of the total load conductance to the small 
signal electronic conductance. The total load conductance consists of the 
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Fig. 70.—A broad band coupling designed to connect the 2K25 toa 1” x }” wave guide 


conductance representing the resonator losses and the conductance arising 
from the wave guide load transformed through the coupling system. Hence, 
the coupled load will be subject to variations in the loop dimensions, the 
characteristics of the coupling line and the transducer. The resonator loss 
will differ from tube to tube because of the variation in the heating of the 
grids and resonator by the electron stream, and there will be variations aris- 
ing from other causes. The electronic conductance varies from tube to 
tube primarily because of the spread in beam current and secondarily as a 
result of such factors as variations in the modulation coefficient of the gaps, 
non-uniformities in the drift space causing a spread in the transit time and 
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the like. The sum total of these variations necessitated the maintenance of 
an average sink margin of 6.7 times in order to insure a minimum of 2.5. 
Figure 72 illustrates further characteristics of the 2K25 oscillator and 
coupling. These data are the results of standing wave measurements look- 
ing towards the coupler with the tube inoperative. From such ‘‘cold test” 
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Fig. 71.—A Rieke diagram for the 2K25 connected to the load by the coupling of Fig. 
70. This diagram was obtained for a repeller mode having a drift angle of 15.5 + radians 
at a nominal frequency of 9360 mc/s. 


measurements one may determine the intrinsic Qo of the resonator and the 
external Q,. The former is a measure of the resonator losses while the 
latter is a measure of the tightness of coupling of the oscillator to the load. 
The values of Qo measured from a cold test have little significance in an 
oscillator in which heating of the resonator and especially of the grids is 
appreciable. This is particularly true of oscillators tuned by variation of 
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the capacitance of the interaction gap. It is possible to make hot tests 
in which the thermal conditions cf operation are established without the 
interaction effects cf the beam, but these measurements are not available 
for the 2K25. The external Q¢ is not affected, at least to a first order, by 
thermal effects in the resonator. The third curve of Fig. 72 shows the ratio 
of the power delivered when a matched load is coupled to the coupler to the 
power delivered to a load which presents optimum impedance to the oscil- 
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Fig. 72.—Variation of the percentage of maximum power output delivered, unloaded 
Q, Qo, and external Q, Qg , as functions of frequency for the 2K25 when coupled to the 
characteristic admittance of the 1” x 4” guide with the coupling of Fig. 70. The power 
variation is for a mode having 15.5 w radians drift. 


lator. These data are given for the normal operating repeller mode as dis- 
cussed below. 

It was pointed out early in this work that the available power output and 
electronic tuning have a contrary variation with respect to the number of 
cycles of drift in the repeller space. Consequently, this is one of the most 
important and exasperating parameters of the tube. Fig. 73 is a diagram 
illustrating the characteristics of a typical W.E. 2K25 oscillator. The 
abscissa is the repeller-cathode voltage which, for a fixed resonator voltage, 
determines the drift angle. Thus, as this voltage is made increasingly 
negative, successive modes of oscillation appear, corresponding to consecu- 
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tive decreasing values of ». Our best determination for the value of n 
for each mode is given. The base lines are displaced vertically on a uniform 
wavelength scale, so that the variation of repeller voltage with wavelength 
is indicated. The power output increases with decreasing values of n 
but the half power electronic tuning for each repeller mode has a contrary 
variation. The repeller mode chosen as providing the best compromise be- 
tween power output and half power electronic tuning is the 7 cycle mode. 
The design of the coupling unit and all the primary characteristics of the 
tube are based on the use of this mode. It will be observed that repeller 
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Fig. 73.—Operation of the 2K25 in various repeller modes and at various frequencies 
when connected to characteristic admittance of a 1” x }” guide by the coupling of Fig. 70. 


modes having n values less than 6 do not appear in Fig. 73. For values of 
n = to0, 1, 2 and possibly 3, this is because the conductance representing 
the resonator losses is in excess of the electronic conductance. For the 
values of xn = 4 and 5 the coupled load conductance plus the resonator loss 
conductance in the specified transducer are in excess of the electronic con- 
ductance. Conversely for modes having » values in excess of 7 the coupling 
is weaker than desired. 

Fig. 74 illustrates the broad band characteristics for a typical W.E. 2K25 
tube operating in the coupling of Fig. 70 into a matched load, In Fig. 74 
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are shown the power output, half power electronic tuning, and sink margin 
as functions of frequency for the 7$ cycle mode. 


F. Thermally Tuned Reflex Oscillators—The 2K45 


The trend toward the simplification of radar systems to the fewest possible 
adjustments, coupled with the ever present possibility of enemy jamming, 
led to the attempt to produce a system which was described as a-single knob 
system. The ultimate objective of such a system was ability to shift the 
frequency of the transmitter at will with a single control. This puts the 
chief burden on the receiver, which must automatically track with the 
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Fig. 74.—Variation of electronic tuning, power output and sink margin with frequency 
for the 2K25 in a repeller mode having 15.5 x radians drift. Characteristic admittance 
load and coupling of Fig. 70. 


transmitter. The problem is much simplified by designing as many of the 
components as possible so that retuning is not required when the frequency 
is shifted within the requisite band. In the case of the beating oscillator 
it was necessary to devise a mechanism which would permit rapid automatic 
control over a frequency range of 1160 mc. This range was many times in 
excess of any immediately realizable electronic tuning range. It is of course 
apparent that such a method of tuning will also lend itself readily to use in 
many applications in which, although the transmitter frequency is nominally 
fixed, the system is required to operate under such extreme conditions that 
the sum total of the possible frequency deviations is in excess of the available 
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electronic tuning range. Examples of such systems are installations in high 
altitude air craft, in which wide variations in temperature and pressure 
may be expected. 

It was highly desirable to have the frequency control electrical. One 
means of obtaining such a control is through motion of the resonator grids 
produced by the thermal expansion of an element heated electrically. A 
step in this-direction was taken in the Sperry Gyroscope Company 2K21 
oscillator in which the resonator was tuned by the thermal expansion of a 
strut heated by passing a considerable current through it. 

At the Bell Telephone Laboratories the design for a thermally tuned 
beating oscillator was based on a method which permitted the control of a 
small current at a high voltage. In general, controlled high voltages are 
easily available both from power supplies and from control circuits. Fur- 
ther, it seemed desirable that the control of the heating should require no 
power. These considerations suggested that the heating of the thermal 
tuning element be accomplished by electron bombardment. Through the 
use of a negative grid to regulate the bombardment, the tuning control 
became a pure voltage adjustment. The bombardment method made it 
possible to utilize configurations in the tuner which would have been less 
practical if resistance heating had been employed. 

An early reflex oscillator incorporating these ideas was the Western 
Electric 2K45 vacuum tube. Fig. 75 shows an external view of the tube 
which, except for the output coaxial line, looks like a forshortened 6L6 
vacuum tube. The plug-in feature of the earlier mechanically tuned os- 
cillators was maintained in this oscillator, which was designed to couple to 
the waveguide circuit through the same transducer developed for the 2K25. 

Figures 76 and 77 are cross-sectional views of the 2K45 made at right 
angles to each other. The thermal tuning mechanism is contained in the 
upper part of the structure. It is a bimetallic combination consisting of a 
U shaped channel and a multi-leaf bow. The channel is formed of a material 
with a large coefficient of expansion and a high resistance to slow permanent. 
deformation or creep at elevated temperatures. At the ends of this channel, 
tabs bent down at right angles to the channel axis, provide rigid vertical 
support for the channel without interfering with axial expansion. These 
tabs are connected to the resonator, which in turn is supported by the 
vacuum envelope as closely as possible in order to minimize the thermal 
impedance of the path. This connection also serves to cool the channel 
ends. The multi-leaf bow is welded to the channel at its end. The leaves 
are made of a material having a low coefficient of expansion and, as they are 
fastened to the channel at its ends, they remain cool and do not expand 
appreciably as the channel is heated. The purpose of the multi-leaf con- 
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struction of the bow is to reduce the internal stresses produced by bending 
during the tuning action. 

A cathode, control grid and a pair of focussing wires are supported by 
micas in a position facing the open side of the U channel. The channel 
serves as an anode for the cathode current, which is controlled by the grid. 
The focussing wires beam the cathode current into the anode. The grid is 
proportioned so that under all operating conditions it remains negative, 
and the control system need supply no power to it. 

The heating of the channel by the electron bombardment causes it to 
expand with a large differential with respect to the bow. As a result the 
bow flattens out and its center moves toward the channel. The purpose 
of this construction is to provide a magnification of the expansion of the 
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Fig. 75.—An external view of the W.E. 2K45—an early thermally tuned reflex oscillator 
designed by the Bell Telephone Laboratories. 


channel which by itself would provide insufficient motion. The cross 
member welded to the center of the bow and the vertical struts transmit the 
motion of the bow to the diaphragm which supports one of the cavity grids. 
The action is illustrated in Fig. 78 which shows a series of X-ray views of an 
operating tube. Thus, the first view shows the conditions for no power 
applied to the tube, the second, for the tube operating but with the tuner 
grid biased to cut-off. The following views show the behavior with progres- 
sive increases in the power into the tuner channel. 

The ramifications in the design of a thermal tuner are many and the possi- 
ble configurations of the mechanism will depend greatly on the individual 
requirements of the application. It is possible, however, to lay down some 
basic principles. These are concerned with positiveness of action and speed 
of tuning. With regard to the first, it may seem anomalous to speak of 
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Fig. 76.—Internal features of the W.E. 2K45: section through the output lead and 
normal to the tuner cathode and strut. 
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Fig. 77.—A section of the W.E. 2K45 cut parallel to the tuner cathode and strut. 


positive action in a device which has thermal inertia. What is actually 
meant, however, may be best indicated by the following: Let us suppose that 
some power, Pa, must be dissipated in the tuner in order to hold the oscillator 
at a frequency, fa. Now, suppose that the tube is operating with power 
less than P, and that we are required to switch to frequency fa. In order 
to switch rapidly, we apply power in excess of P, to the tuner until the fre- 
quency has reached fa, at which time we switch to the power Pa required 
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Ta=25°C 2. Py; = 0 WATTS Ta= 280°C 





3. Py =1.2 WATTS Ta= 382°C 4. Pr = 2.1 WATTS = 438°C 





Pr = 4.0 WATTS Ta=525°C 6. Py = 6.0 WATTS Ta= 558°C 


Fig. 78.—A series of x-ray photographs of the thermal tuning mechanism of an operating 
2K45. These show the motion of the bows for successively increasing power inputs to 
the tuner channel. 
to sustain f,. Wesay that the control is positive if no overshoot occurs, i.e., 
if the frequency does not continue to change for a time and then return to 
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fa. We might equally well have illustrated this by an example in which 
the tuner was cooling. In order to avoid overshoot it is necessary that no 
thermal impedance exist between the heat source and the expanding element. 
Thus, as an example of a tuner in which overshoot will occur, one may cite 
an expanding strut in the form of a tube heated by a resistance heater in- 
ternal to the tube. In order to transfer heat from the resistance heater to 
the tubing the former must of necessity operate at the higher temperature. 
Hence, in the example given above, when the power is switched to the sus- 
taining value heat will continue to be transferred to the tubing until the 
heater and the tubing arrive at the same temperature. To.minimize the 
thermal impedance the heat should be generated within the body of, or on 
the surface of, the expanding element. The resistance heating by current 
passing through the expanding element illustrates the first case and heating 
by electron bombardment the second. 

The second principle is quite obvious when once stated. If a rapid shift 
in frequency is to be obtained at any point within the required tuning range, 
then the potential tuning range must be considerably in excess of that re- 
quired. Thus, if the tube is operating near one of the required frequency 
limits and one demands that it go to the limit, the shift will progress very 
slowly in the absence of excess range. If, however, it is possible to overdrive 
the limit, the time required will be materially shortened. On the basis of 
actual tube design this requires that the safe maximum or full on power into 
the tuner must be considerably in excess of the power required to hold the 
tuner at the frequency band limit nearest the full on condition. The tuning 
mechanism must be capable of continuous operation under the full on condi- 
tion in case this accidentally persists. Further, the power required to hold 
the tuner at the other end of its band must be considerably in excess of zero 

‘in order that rapid cooling may occur near this limit. It is not necessary 
that the tuner produce motion for power’ inputs outside the band limits; 
the essential condition is that the rates of heating and cooling near these 
limits should have values considerably greater than zero. 

It is always possible to purchase heating speed by the expenditure of 
power in available over-drive. The cooling speed, on the other hand, is con- 
trolled by the temperature difference between the source and sink, the heat 
capacity of the tuner and the mechanism of cooling. Two methods of cool- 
ing are available, conduction and radiation. For small amounts of motion 
and in circumstances where large forces are not required, conduction cooling 
can provide a satisfactory answer. In cases in which a large amount of 
motion is required, as in the 2K45, conduction cooling imposes a number 
of serious restrictions. ‘Ihe expanding element must be made from a ma- 
terial having a large coefficient of expansion and necessarily must be long. 
Unfortunately, alloys having large expansion coefficients are very poor con- 
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ductors of heat. In the case of conduction the cooling rate will depend on 
the ratio of the length times the heat capacity divided by the cross-section. 
For radiation cooling the rate depends on the heat capacity divided by the 
radiating area and is independent of the length except as the heat capacity 
depends upon this factor. Radiation cooling has the advantage that it per- 
mits more freedom of structural shape and the material may be chosen on 
the basis of strength. In the operating range of the 2K45 the heat radiated 
is approximately four times that conducted away. 

The automatic frequency control circuits which have been used with 
thermally tuned beating oscillators in radar receivers have been of a full 
on or off type so that they do not continuously hold the frequency at a fixed 
reference difference from the transmitter frequency. The reason for this 
in part is that a pulse transmitter gives the required reference information 
only during the pulse. Thus with an on-off control circuit if at a given 
pulse a correction of frequency is demanded the power into the tuner is 
turned full on or off, depending on the direction of the correction, and left in 
this condition until the occurrence of the next pulse which again determines 
the direction of the control. The result is that the frequency of the beating 
oscillator continually hunts about the transmitter frequency. The control 
system must be designed to hold the hunting deviation within tolerable 
limits. It is of course possible to work within narrower limits than full 
on or off tuner power. One advantage of full on or off control is that it 
results in the minimum tuning time between required frequencies since the 
tuning rate is at all times held to the maximum possible value. 

Under certain conditions the performance of a thermal tuner may be 
completely described by a time constant. In general, however, this is not 
the case and the information required in designing a control system is con- 
cerned first with initiation of operation and second with the factors deter- 
mining the magnitude of the hunting deviation. For initiation of operation, 
one is concerned with the time required for the oscillator to reach the operat- 
ing frequency. The quantities known as the cycling times give upper limits 
for this quantity. The cycling times are to a certain extent arbitrarily 
defined as indicated in the following. There are two band limit frequencies, 
fe, the limit requiring the lesser power input, P,, and corresponding to a 
tuner temperature, T., and f,, the limit for which the power input will be 
P,, and the temperature, T,. The cycling time for heating, 7,, is defined 
and measured in the following manner. The power input to the tuner is 
set to P, and held at this value until equilibrium is established. The power 
input is then switched to the maximum allowed value, P, and the time 
interval, 7, , between the instant of switching and the instant at which the 
frequency of operation has reached f, is measured. Correspondingly, the 
cycling time 7, for cooling is measured by setting to P, until equilibrium is 
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established and then switching the tuner power off and measuring the inter- 
val, r,, until the operating frequency reaches f-. These quantities are of 
importance in determining the ‘Out of Operation” time in case the frequency 
reference of the control system is momentarily lost, so that the control starts 
cycling in order to re-establish the reference. 

While the cycling times can be taken to give an indication of the average 
speed of tuning, more detailed information is required to determine the 
hunting deviation. This demands a knowledge of the instantaneous tuning 
rates which will result at any point in the band when the power is switched 
full on or off. These rates vary through the band since the overdrive avail- 
able, for example, on heating will decrease as the operating frequency ap- 
proaches the limit nearest to the maximum drive. 

In the following, an outline will be given of the factors which must be 
considered in designing a thermally tuned reflex oscillator. The 2K45 will 
be used as an illustration. Our first consideration concerns the time re- 
quired for the tuner to heat and cool between given temperatures. In 
Appendix XI expressions are derived for the cycling times 7, and7,. The 
expressions applicable to the 2K45 are: 


CT, 
Th = ORT! [Fi(Tn) — Fi(Tre)] (13.1) 
re = acral) — Fala) (13.2) 


where the symbols are defined in the appendix. The functions F; and F2 
are plotted in terms of the reduced temperatures, 7, and 7, in Figs. 79 and 
80. In the analysis conduction cooling is neglected and it is assumed that 
the whole of the expanding element operates at the same temperature. 
Because of these limitations the theory is largely qualitative. It will be 
observed that the cycling time, 7, , is proportional to the ratio of the heat 
energy stored in the-tuner at the maximum equilibrium temperature to the 
rate of loss of energy at this temperature. It is therefore apparent that this 
equilibrium temperature should have the maximum possible value, and also 
that the heat capacity of the tuner should be kept toa minimum. Assuming 
for simplicity that the frequency of oscillation is proportional to the tem- 
perature, so that a given temperature difference is proportional to the fre- 
quency, one sees by examining the function F; that it is desirable to keep 
the reduced temperatures 7,, and J, small compared to 1. Under these 
circumstances, the cycling time 7, will have its minimum value and will be 
more or less independent of the reduced temperatures. If we examine the 
expression for the cycling time for cooling, r., we observe that this is 
proportional to the ratio of the heat stored in the tuner at the equilibrium 
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Fig. 79.—A plot of a function used in determining the time required for the tempera- 
ture of a thermal tuner to rise between two given values when the tuner is cooled by radia- 
tion alone. The abscissae are given in terms of a reduced temperature. 

































































Fig. 80.—A plot of a function used in determining the time required for the tempera- 
ture of a thermal tuner to fall between two given values when cooled by radiation alone. 
The abscissae are given in terms of a reduced temperature. 
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temperature Ty corresponding to zero bombardment power divided by the 
rate of heat loss at this temperature. This indicates a rather paradoxical 
result, that the temperature for zero bombardment power should be as high 
as possible. This arises from the dependence on radiation cooling. We are 
limited in setting the value of T» by the form of the function F, , which 
requires that the reduced temperatures T,, and Ty, should be very large 
compared to1. Since the true temperatures corresponding to these reduced 
values must simultaneously be small compared to 7,,, it is apparent that 
we are not completely free to make To large, and a compromise must be 
worked out. 
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Fig. 81.—Variation of the frequency of resonance vs gap displacement for the W.E" 
2K45 resonator. The vertical lines show the required tuning range. 


In determining a practical design for a thermal tuner, the first charac- 
teristic which must be known is the variation of the resonant frequency of 
the oscillator cavity as a function of gap displacement. It is apparent that, 
for the highest speed of tuning, the rate of change of frequency with gap 
displacement should have the maximum possible value. However, this 
tuning characteristic is dictated by the performance requirements of the 
tube as an oscillator and hence is not available as a variable in the design. 
Fig. 81 shows the variation of frequency with gap displacement for the 
2K45 resonator. The required range is indicated. 

When the required motion is known a choice may be made of a mechanisin 
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for a tuner. There is a certain amount of arbitrariness in choosing the 
limiting dimensions of the tuner. If the expanding element is to be short 
it is necessary either to operate over a very wide range of temperatures or 
else use some mechanical means of amplifying the motion obtained over a 
more limited range. Since the more limited is the required temperature 
range the greater is the tuning speed, it is obviously advantageous to use 
mechanical amplification. As previously pointed out the electron bombard- 
ment method of heating and radiation cooling are especially suitable to such 
a mechanism because of the freedom of design they permit. Previous dis- 
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Fig. 82.—The ideal type of deflection vs temperature characteristic desired for a ther- 
mally tuned oscillator. The motion 6 is that required to shift the resonant frequency 
of the cavity through its required band. 


cussion has shown that the temperatures corresponding to zero and maximum 
power input must be separated by wide margins from the temperatures 
corresponding to the limits of the tuning range. Any motion which occurs 
in these margins is unnecessary and in general undesirable. Ideally, the 
tuning mechanism should have a characteristic as shown in Fig. 82. The 
type of tuning mechanism chosen for the 2K45 is a first approximation to 
such a characteristic, as is shown in Fig. 83, which gives a family of charac- 
teristics corresponding to various initial offsets of the bow for a given length 
of bow. The bows are formed to a sinusoidal shape. This structure gives 
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a large mechanical amplification of the expansion of the tuner. The tuner 
is made as long as will fit conveniently into the tube envelope. Further 
arbitrary decisions are required with regard to the power which can be ex- 
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Fig. 83.—A family of deflection vs temperature characteristics for the type of tuning 
mechanism used in the W.E. 2K45. The parameter is the initial offset of the bows from 
the channel at room temperature. 


pended in operating the tuner. With such decisions made, the tuner design 
can then be completed as a compromise of a great many variables. Limita- 
tions on the strength of the tuner materials at elevated temperatures deter- 
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mine a maximum safe operating temperature. The anode material is 
chosen to have a large coefficient of expansion and resistance to “creep” 
at elevated temperatures. In choosing the form of the tuner it is necessary 
to keep constantly in mind the necessity of maintaining the minimum ratio 
of heat capacity to radiating surface. A minimum operating temperature 
of the tuner is determined by heat flow to it from extraneoussources. Figure 
84 shows the temperature as a function of bombardment power input for the 
2K45 tuner. It will be observed that the heat from sources other than 
bombardment produces a considerable rise in temperature. One principal 
source of uncontrolled heating is radiation from the tuner cathode. This 
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Fig. 84.—The tuner anode temperature as a function of the bombardment power 
‘The temperature rise at zero bombardment power is caused by radiation from the thermal 
cathode and extraneous sources. 


is minimized by keeping the cathode as remote from the anode as is con- 
sistent with the required electronic characteristics. 

When the maximum and minimum operating temperatures and the length 
of the channel are determined the remaining problem is to determine and 
offset for the tuning bow which will provide the optimum tuning characteris- 
tics. We wish to obtain characteristics such that the heating time 7, and 
the cooling time 7, are approximately equal and of a minimum value. The 
choice of the bow offset also involves a choice of an initial gap spacing for the 
resonator. On Fig. 83 the boundary values for the limiting temperatures Ty 
and Ty are indicated by vertical lines. With any given bow offset which 
corresponds to a particular tuning characteristic a limit is set on the initial 
gap spacing by the requirement that the total motion of the bow between 


REFLEX OSCILLATORS 591 


room temperature and 7;,, shall not exceed the initial gap spacing. From 
our previous analysis we know that to provide maximum tuning speed we 
desire to make the temperature intervals T, — Ty and T,, — Tj, as large as 
possible. For any given tuning characteristic these intervals may be ad- 
justed by a variation of the initial gap spacing subject to the limitation just 
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Fig. 85.—The cycling time of the W.E. 2K45 as a function of the temperature of the 
channel at the band frequency limit requiring the smaller tuner power. The solid lines 
are the experimental curves, the dashed lines are theoretical results. One point on the 
heating time is fitted in order to determine the heat capacity of the tuner. 


imposed. Since T, and 7; are interrelated for a given bow characteristic 
by the fact that they correspond to a specific increment of motion 6 deter- 
mined by the cavity design, we may study the effect of shifting the interval 
6 along the tuner characteristic by varying the initial gap offset. We may 
specify this in terms of value of T,. The result of such a study is shown in 
Fig. 85. The optimum offset corresponds to the temperature at which the 
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curves for r, and 7, cross over. The optimum bow offset is then the value 
which provides the minimum value at the crossover. From the theory 
given earlier it is possible to compute these curves. If we had analytical 
expressions for the motion of the tuner with temperature and for the varia- 
tion of frequency with gap spacing it should be possible to obtain completely 
theoretical curves. 

As a test of the theory of heating and cooling it is sufficient to use the 
experimental curves for the motion of the tuner with temperature and the 
variation of frequency with gap spacing in conjunction with the heating 
and cooling curves of Figs. 79 and 80 calculated from equations (13.1) and 
(13.2). The value of K which must be determined in order to obtain 
numerical values from the curves of Figs. 79 and 80 may be determined 
from Fig. 84 by using the relationship 


Pa— Py 
Ae 

where P, and P, are the bombardment power inputs corresponding to anode 
temperatures T,and 7,. There is no ready means for directly determining 
the heat capacity C. However, if one point on either the heating or cooling 
curves is fitted to the experimental data the value of C may be determined 
and the remainder of the points computed. The results of such a computa- 
tion are shown by the dashed lines in Fig. 85. In view of the restrictive as- 
sumptions of a uniform anode temperature and the neglect of all conduction 
cooling the agreement in general form is reasonably good. 

The W.E. 2K45 includes a number of advances in reflex oscillator tech- 
nique over the 2K25. It will be observed in Figs. 76 and 77 that the electron 
optical system employed in the gun differs from that used in the 2K25. In 
the 2K25 a gun producing a rectilinear beam was employed. In the 2K45 
the gun consists of a concave cathode surrounded by a cylindrical electrode 
and a focussing anode. The design of this type of gun was originated by 
Messrs. A. L. Samuel and A. E. Anderson at these laboratories. The design 
is such as to produce a radial focus beam which converges into the cylindrica] 
section of the focussing anode. After the beam enters the focussing anode 
its convergence is decreased by its own space charge, and the beam passes 
through the grids at approximately the condition of minimum diameter. 
Between the second grid and the repeller the beam continues to diverge 
radially on the outbound and return trips. The intention of the design is 
that the beam shall have diverged sufficiently so that the maximum possible 
fraction will recross the gap within a ring having an inner diameter equal 
to the first grid and outer diameter equal to the second grid. Under these 
conditions only a small fraction of the beam will return into the cathode 
region, the remainder being captured on the support of the first grid after the 
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second transit of the gap. This tends to eliminate electronic tuning hystere- 
sis and the repeller characteristic of the 2K45 is essentially free of this 
phenomenon. This gun design has the further advantage that it avoids the 
necessity for the first grid used in the 2K25. This eliminates the current 
interception on this grid with a resulting increase in the effective current 
crossing the gap. This type of gun also permits the design of a more efficient 
resonator by reducing the grid losses. 

A second variation in design from the 2K25 is that in the 2K45 the second 
grid moves with reference to the repeller. This has the advantage of reduc- 
ing the variation of the repeller voltage for optimum power with resonator 
tuning. The drift angle in a uniform repeller field is given by 


9 = EVVo oy (13.3) 
Vo+Ve 

where ¢ is the spacing between the repeller and the second grid of the resona- 
tor. If the same drift angle 0 is maintained at all frequencies in the band, 
then the repeller voltage must vary. If ¢is fixed asf increases Vz must also 
increase in order to maintain a fixed fraction. If ¢ varies and increases as f 
decreases then a smaller variation in Vz is required and in the particular 
case that ¢ varies inversely with f the repeller variation may be made zero. 
Usually other requirements determine the variation of ¢ and it is not always 
possible to make the variation zero. In the case of the 2K45 the variation 
over the band is approximately half the amount which would occur if £ were 
fixed. 

The output coupling and line of the 2K45 were designed so that the 
oscillator would provide the desired characteristics in the same waveguide 
adapter as designed for the 2K25. The power output as a function of 
frequency for a typical tube is shown in Fig. 86a. Curves A, B and C of 
Fig. 86 show the variation of power output with cavity tuning when the 
repeller voltage is set for an optimum at the indicated frequency and held 
fixed as the cavity tuning is varied. The frequency shift between half power 
points in this case is very much wider than with repeller tuning. This is a 
consequence of the fact that whereas in repeller tuning both the frequency 
and the drift time change in a direction to shift the transit angle away from 
the value for maximum power, with cavity tuning only the frequency 
changes. Moreover, the fact that the repeller to second grid spacing in this 
design varies with frequency tends to reduce the variation of the drift angle 
with frequency. The envelope of the curves A, B and C gives the power 
output as a function of frequency when the repeller voltage is adjusted to 
an optimum at each frequency. 

Fig. 86b gives the half power electronic tuning as a function of frequency 
measured statically and also dynamically with a 60 cycle repeller sweep. 
The difference arises from thermal effects. 
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Fig. 86.—Characteristics of the W.E. 2K45 reflex oscillator. Fig. 86-a shows the varia- 
tion of the power output as a function of frequency in two cases. The curves A, Band C 
illustrate the power variation with frequency when the repeller voltage is set for the opti- 
mum at the indicated frequency and held fixed as the cavity tuning is changed. The 
envelope of these curves shows the power variation with frequency when the repeller 
voltage is maintained at its optimum value for each frequency. 

In Fig. 86b the electronic tuning is shown, in one case where the repeller voltage is 
shifted between half power points so slowly that thermal equilibrium exists at all times 
and in the dynamic case in which the repeller voltage is shifted at a 60 cycle rate. 
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Fig. 87.—Repeller voltage for optimum power as a function of frequency for the W.E. 
2K45 oscillator. 


Fig. 87 shows the variation of repeller voltage for optimum power with 
frequency. This variation is so nearly linear that it has been proposed that 
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a potentiometer properly ganged with the transmitter in radar systems 
would provide optimum output throughout the band. This is an advantage 
over electronic tuning, since the signal to noise performance of the receiver 
depends in part on the beating oscillator power into the crystal. 

In a thermally tuned tube it is necessary to provide safeguards against 
excessive power input to the tuning strut since this might produce a per- 
manent deformation and impair tuner operation. A simple method for 
obtaining such protection is to use low-frequency cathode feedback produced 
by a cathode resistor. With a cathode biasing resistor of 725 ohms the 
grid may be held 15 volts positive with respect to the more positive end of 
the cathode biasing resistor indefinitely without damage to the tuner when 
the normal plate voltage of 300 volts is applied. 

The grid control characteristics for a typical 2K45 shown in Fig. 88 were 
obtained while using the cathode biasing resistor. These characteristics 
may be given in two ways. In one case the repeller voltage is held fixed 
and the characteristics are given over a range between half power points. 
It will be observed in this case that the characteristics are discontinuous 
because of the electronic tuning resulting from the repeller voltage shifts 
between ranges. For the other case the repeller voltage is maintained at 
its optimum value at each frequency. 

In either case, one striking feature is the essential linearity of the variation 
of frequency with grid voltage. This is of considerable importance in many 
frequency stabilizing systems and represents an advantage of thermal tuning 
over electronic tuning. In the case of electronic tuning, as shown in Section 
VII, the rate of change of frequency with repeller voltage varies rapidly 
as the repeller voltage shifts away from the optimum value. Since frequency 
stabilization is essentially a feedback amplifier problem in which the rate of 
change of the frequency with the control voltage enters as one of the factors 
determining the feedback, it is apparent that the frequency stabilization 
will vary as the repeller voltage is shifted. In contrast, for the case of 
thermal tuning, because of the linearity of frequency with grid voltage, the 
stabilization will be independent of the frequency. It should not be for- 
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gotten, however, that thermal tuning is inherently slower in action than 
electronic tuning, since the latter is capable of frequency correction rates 
limited, for practical purposes, only by the control circuits, whereas in 
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Fig. 88.—Frequency as a function of the grid voltage for the W.E. 2K45 oscillator 
‘The dashed lines show the variation when the repeller voltage is held fixed for the mid- 
range value and the solid lines shows the variation with the repeller voltage maintained 
at its optimum value for each frequency. These characteristics apply when a 725 ohm 
biasing resistor is connected in series with the tuner cathode. 


thermal tuning the thermal inertia of the tuning strut limits the tuning speed 
to rates of the order of 100 mc/sec” for the 2K45. 

The operating conditions for the 2K45 are given in the table at the 
bottom of page 595. 


REFLEX OSCILLATORS 597 


G. An Oscillator With Waveguide Output—The 2K50 


Late in the war it became apparent that there was an urgent need for 
radar systems.which would permit a very high degree of resolution. Such 
resolution requires the use of the shortest wavelengths possible, and as a 
practical step development work was undertaken in the neighborhood of 
1 cm. ‘ 
Work at “these ‘Laboratories led to a tube which produced over 20 milli- 
watts and was thermally tunable over the desired frequency range by means 
roughly-similar to those employed in the 2K45. This tube had a wave guide 
output. It had no grids; a sharply focused beam passed through a .015” 
aperture in the resonator. The tube operated at a cavity voltage of 750 
volts. 

Work by Dr. H. V. Neher at the M.I.T. Radiation Laboratory resulted 
ina design for an oscillator using grids which operated at a resonator voltage 
of 300 volts. At the request of the Radiation Laboratory, the Bell Tele- 
phone Laboratories undertook such development and modification as was 
necessary to make the design conform to standard manufacturing techniques. 
This work was carried out with the close cooperation of Dr. Neher. 

Figure 89 shows an external view of the tube and Fig. 90 a cross sectional 
view of the final structure. There are two striking departures in this tube 
from the designs previously described. One of these is that the axis of 
symmetry is no longer parallel to the axis of the envelope but instead is 
perpendicular to it. This construction makes possible in part the other 
striking feature of the tube, which is the wave guide output. A number 
of factors combine to make this type of output desirable and prac- 
tical. The resonant cavity for a wavelength near 1.25 cm. becomes ex- 
tremely small. Were loop coupling used this would necessitate a very small 
coupling loop and also a very small diameter output line. The small dimen- 
sions with loop coupling would require tolerances extremely difficult to 
maintain with conventional vacuum tube techniques. On the other hand, 
the wave guide used at 1.25 cm. is of dimensions (.170” x .420”) such that 
a wave guide output with a choke coupling can readily be incorporated in a 
standard vacuum tube envelope. 

The wave guide coupling is accomplished by means of a tapered wave 
guide which couples to the cavity through a non-resonant iris. The guide 
tapers in the narrow dimension only, from the iris to a circular output 
window. The tapered guide couples to the window by means of a circular 
half wave choke. The VSWR introduced by the window is 1.1 or less. 
External to the tube, there is an insulating fitting which permits the tube 
to be coupled directly to the guide by means of a second choke coupling. 
This makes it possible to operate the shell of the tube at a different potential 
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Fig. 89.—The 2K50—a reflex oscillator with thermal tuning and a wave guide output 
or operation in the 1 centimeter range 
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than the guide. This is desirable in a radar receiver for circuit reasons, 
which require that the cathode of the oscillator be at ground potential. 

The iris size is a compromise chosen to provide sufficient sink margin 

_ throughout the band. An iris coupling inherently varies with frequency 

and provides a weaker coupling at lower frequencies. Hence, since a suffi- 


f = 24,464 MEGACYCLES 
PER SECOND 





Fig. 91.—A performance diagram for the 2K50 at the high frequency band limit. This 
diagram shows loci of constant power as a function of the admittances presented at the 
plane of the tube window. Admittances are normalized in terms of the characteristic 
admittance of the wave guide. 


cient sink margin must be provided at the wavelength where the coupling 
is a maximum, this means that an excess of sink margin exists at the low 
frequency end of the band. This is illustrated by the impedance perform- 
ance diagrams of Figs. 91 to 93. 

The 2K50 presented a difficult mechanical problem which will be appreci- 
ated when the minute dimensions of the resonant cavity are observed in 
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Fig. 90. The electron optical system consists of a concave cathode, a 
cylindrical beam electrode, and a grid concave towards the cathode. This 
produces an electron beam which converges into a conical nose and through 
the cavity grids to the repeller space. The repeller, which returns the beam | 
across the gap, is rigidly held in a mica supported in a cylindrical housing 
connected to a diaphragm which serves as one wall of the resonator. The 


f' =23,984 MEGACYCLES 
PER SECOND 





Fig. 92.—Performance diagram for the 2K50 at the mid-band frequency. 


cylindrical housing is connected to a thermal tuning mechanism consisting 
of a simple framed structure in the shape of a right triangle. The base of 
the triangle is a heavy piece of metal brazed to the cavity block and a bleeder 
shoe which in turn is brazed to the bulb. One leg of the triangle can be 
heated by electron bombardment controlled, as in the 2K45, by a negative 
grid. The other leg is heated only by conduction. Since both legs are 
made from the same material, general heating of the structure will produce 
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only a second order effect. Because of the small motion required to tune 
the 2K50 through its range, the tuner dimensions permit reliance on conduc- 
tion cooling. 


f= 23504 MEGACYCLES 
PER SECON 





Fig. 93.—Performance diagram for the 2K50 at the low frequency band limit. 
The characteristics of the thermal tuner of the 2K50 differ considerably 
from the 2K45. In Appendix XI expressions are given for the heating and 
cooling times as 


c Pa — kT. 
Th = j oe P. — oT, (13.4) 
a6 Tih 
re = E loge B. (13.5) 


It is desirable that the cycling times should be equal. Equating (13.4) 
and (13.5) one obtains 
Pn = k(Ti + T,). (13.6) 
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This states that the maximum permitted temperature, Tm = Pm/k, shall 
exceed the temperature 7}, by the same temperature difference as that by 
which 7, exceeds the sink temperature. From (13.4) and (13.5) it can be 
seen that to minimize the heating and cooling times the heat capacity 
should be small and the heat conductivity of the strut should be large. It 
is also evident that the ratio 7;,/T. should be as nearly unity as possible. 
This requires that the tuner should produce the required displacement in 
the smallest temperature interval possible. If a given temperature differ- 
ence is required to produce the necessary motion, then from a speed stand- 
point it is desirable to make both 7; and T, large in order that their ratio 
shall be nearly unity. The allowable temperature is usually limited by 
constructional considerations. 

Over the normal tuning range of a reflex oscillator we have previously 
shown that the tuning characteristic may be represented by 


A= aVC; + C(x) (13.7) 


where a is a constant 
C; is a lumped fixed capacitance 


_8 
ce) =8 
B isa constant. 
Hence one can show that for small changes Ax from xo 
_ to BAx 
x5Co 
Co = Cy + C(x0). (13.9) 
One may also show that for the type of tuner employed and the small 


motions involved in the 2K50 the displacement of the grids as a function 
of the temperature difference T — T» will be 


Ay = 





(13.8) 


x = x — H(T — T)) (13.10) 
whence 
1 a 
AS angen Py), (13.11) 
x9 Co 
If at time ¢ = 0, x = x0, T = To, X = Ao, we have for heating 
L : 
N do = Deb - m)(d =e HH), (13.12) 
xo Co k 


If we give P; its maximum value P,, then at / = © the temperature of 


the strut will be 3 TNE Ke 
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do BH 

and AX = \n — do = dobH (Tm — To) (13.13) 
xoCo 

or dX — ro = (Am — Ao) — & *), (13,14) 


Thus the behavior of this type of tuner may be described by a time constant 
which is given by 7 = i . This has been verified experimentally for the 
2KS0, in which this constant has been found to have a typical value of 1.3 
seconds. 

The instantaneous tuning rates at a given wavelength based on full on- 
full off operation can be shown to be 


4. 7 (f — fn) heating (13.15) 
q =* £ (fo —f) cooling (13.16) 


where fo is the frequency at zero tuner power 

Jm is the frequency at maximum permitted drive. 
Figure 94 shows the instantaneous tuning rate as a function of frequency 
on heating and cooling. 

Typical power output versus frequency characteristics for the 2K50 are 
shown in Fig. 95. Curve A shows the power output with the repeller voltage 
optimized at each frequency while Curve B gives the variation when the 
repeller voltage is set for an optimum at the center of the band and held 
fixed as the frequency changes. For constructional reasons the spacing 
between the repeller and second cavity grid is fixed in the 2K50 so that on 
a proportional frequency basis the range between half power points with 
fixed repeller voltage is smaller for the 2K50 than for the 2K45. 

Figure 96 shows the frequency vs. grid voltage characteristics for the 
2K50. For normal operation with full on-full off operation the grid voltage 
is switched between zero and cutoff. 


H. A Millimeter Range Oscillator 


During the latter stages of work on the 2K50 development, work was 
started on an oscillator for a wavelength range around .625cm. The design 
of this developmental tube known as the 1464XQ was undertaken. 

There are several difficulties in going from 1.25 cm. to .625 cm. Greater 
accuracy of construction is required and the cathode must be operated at a 
higher current density. The greatest difficulty arises from the fact that 
the grids cannot be directly scaled in size from those used in tubes for longer 
wavelengths. 
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Fig. 94.—Computed instantaneous tuning rates on heating and cooling for the 2K50 
oscillator. These results are based on a time constant of 1.3 seconds and on the assump- 
tion of “full on or off” operation. 
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Fig. 95.—Power output characteristics of the 2KSO oscillator. Curves A, B and C 
illustrate the power variation with frequency when the repeller voltage is set for the opti- 
mum at the indicated frequency and held fixed as a cavity tuning is changed. The 
envelope of these curves shows the power variation with frequency when the repeller 
voltage is maintained at its optimum value for each frequency. 
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Let us consider the factors involved in scaling from a tube operating at a 
given frequency to a smaller tube operating at a higher frequency. If the 
cathode is operated space-charge-limited and the anode voltage is the same 
as for the larger tube, the total electron current will be the same and. each 
grid wire will intercept as much current and hence receive the same power 
to dissipate as in the larger tube. Suppose the length of a grid wire in the 
larger tube is J) and in the smaller tube the length of the corresponding wire 
is /,. Suppose that all the other dimensions of the smaller tube, including 
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Fig. 96.—Frequency vs tuner grid voltage for the 2K50. 


the diameter of the grid wire, are reduced in the ratio 4,/l). We do not 
know a priori whether or not the temperature distribution along the grid 
wires of the smaller tube will be the same as that for the larger tube; suppose, 
however, that it is. Then if 7 is the temperature at some typical point, 
say, the hottest, on the grid wire of the larger tube, and 7; is the temperature 
at the similar point on the smaller tube, the power the wire loses by radiation 
in the large tube, P,o and in the small tube, Py are given by 


Pry = AlsTS (13.17) 
P,, = AGT}. (13.18) 
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Here A is nearly constant for given tube geometry and materials. In 
radiation the power lost varies as the area, which varies as ?, and as tins 
temperature to the fourth power. 

The power lost by end cooling, for the large and the small tube, Poo and Pa 
will be given by 


Poo = BhTo (13.19). 
Pa = BhTi. (13.20): 


Here B is another constant. These relations express the fact that the 
power lost by end cooling (thermal conduction) varies as cross sectional 
area divided by length and hence as / and as temperature difference, taken 
as proportional to 7. 

Now, in scaling the tube the power to be dissipated has been kept constant. 
Further, in making the tube small, the hottest point of the grid cannot be 
run hotter than the melting point of the wire; in fact, it cannot be run nearly 
this hot without unreasonable evaporation of metal. Suppose we let the 
grid in the smaller tube attain the maximum allowable temperature Tn 
and let the power the wire must dissipate be P. Then for the large tube 


P = Pr + Peo = (AloT) + B)loTo (13.21) 
and for the smaller tube 
P = Pat Pa = (AhTm + BhTn. (13.22) 


Hence, the smallest value ; can have without running the grid too hot is 
given by the equation 


To (AloTa + B) 


isd 
°Tn (ALT +B) 


(13.23) 


We see that if /» is very small, 
AlTm KB 


13.24 
AhT» KB ae 


Numerical examples show that this is so for a tube such as the 2K50. This 
means that nearly all of the power dissipated by the grid is lost through end 
cooling, not radiation." Further, in the 2KS50 the grid is already operating 
near the maximum allowable temperature. Hence, nearly, Ty) = Tn and 
the smallest ratio in which the tube can be scaled down without overheating 
the grids is approximately unity. This means that in making a tube for 
.625 cm. the grid wire cannot be made half the diameter of the wire used in 


“The fact that one kind of dissipation predominates in both cases justifies the as- 
sumption of the same temperature distribution in both cases. 
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the 2K50. In fact, the diameter of the grid wire can be made but little 
smaller. Thus, in the 1464XQ the grid is relatively coarse compared with 
that in the 2K50. This results in a reduced modulation coefficient and 
hence in less efficiency. 

In going to .625 cm., resonator losses are of course greater. The surface 
resistivity of the resonator material varies as the square root of the fre- 
quency. Surface roughness becomes increasingly important in increasing 
resistance at higher frequencies. Further, in order to provide means for 
moving the diaphragm in tuning, it was necessary in the 1464XQ to use a 
second mode resonator (described later) and this also increases losses over 
those encountered at lower frequencies. 

Development of the 1464XQ was stopped short of completion with the 
cessation of hostilities. However, oscillation in the range .625-.660 cm. 
had been obtained. The power output varied from 2-5 milliwatts between 
the short wave and long wave extremes of the tuning range. The cathode 
current was around 20 ma, the resonator voltage 400 volts. The tube 
operated in several repeller modes in a repeller voltage range 0 to — 180 volts. 

Figures 97 and 98 illustrate features of the 1464XQ oscillator. Figure 98 
is a scale drawing of the resonator and repeller structure. The electron 
beam is shot through two apertures covered with grids of .6 mil tungsten 
wire. These grids are 80% open and are lined up. The aperture in the 
grid nearest the gun is 23 mils in diameter and the second aperture is 34 mils 
in diameter. The repeller is scaled almost exactly from the 723A 3 cm. reflex 
oscillator. A second mode resonator is used. The inner part, a, of Fig. 98 
is about the size of a first mode resonator. This is connected to an outer 
portion, c, by a quarter wave section of small height, b, which acts as a 
decoupling choke. The resonator is tuned by moving the upper disk with 
respect to the lower part, thus changing the separation of the grids. The 
repeller is held fixed. Power is derived from the outer part, c, of the reso- 
nator by means of an iris and a wave guide, which may be seen in the section 
photograph Fig. 97. There is an internal choke attached to the end of the 
part of the wave guide leading from the resonator. This is opposed to a 
short section of wave guide connected to the envelope, and in the outer end 
of this wave guide there is a steatite and glass window of a thickness to 
give least reflection of power. 


I. Oscillators for Pulsed A pplications—The 2K23 and 2K54 


All the reflex oscillators described in the preceding sections have been low 
power oscillators intended for beating oscillator or signal oscillator applica- 
tions. Some limitation on the power capability of these oscillators in the 
form previously described is set by the power handling capacity of the grids. 
If the tubes are pulsed with pulse durations which are short compared with 
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Fig. 97.—An experimental thermally tuned reflex oscillator, the 1464, designed for 
operation between the wave lengths of .6 and .7 cms. 
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the thermal time constant of the grids, then the peak power input to the 
oscillators may be increased over the continuous limit by the duty factor, 
provided that the voltages applied are consistent with the insulation limits 
of the tubes and that the peak currents drawn from the cathode are not in 
excess of its capacity. 

An application for a pulsed oscillator arose in the AN/TRC-6 radio 
system.” This was an ultra-high frequency military communication system 
using pulse position modulation to convey intelligence. With the high gain 
which may be achieved with antennas in the centimeter range, the power 
necessary in the transmitter for transmission over paths limited by line of 
sight is of the order of a few watts peak. In beating oscillator applications 
the power output is of secondary importance to electronic tuning, so that 
the reflex oscillators previously described were designed to operate with a 
drift time in the repeller space such as to provide the desired tuning. Ina 
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SOUTER NON-CRITICAL PORTION OF RESONATOR” 
Fig. 98.—The resonator and repeller structures of the oscillator shown in Fig. 97. 


pulsed transmitter electronic tuning is unnecessary and indeed undesirable, 
since it leads to frequency modulation on the rise and fall of the pulse. In 
section ITI it is shown that for maximum efficiency with a given resonator 
loss there will be an optimum value for the drift time. If there were no 
resonator loss this time would be } cycles, which is the minimum possible. 
By utilizing the optimum drift angle and taking advantage of the higher 
peak power inputs permitted by pulse oscillator it was possible to obtain 
peak power outputs of the order of several watts using the same structure 
as employed for the beating oscillators previously described without exceed- 
ing the power dissipating capability of such a structure. From the stand- 
point of military convenience this was a very desirable situation for reasons 
of simplicity of tuning and ease of installation. 

16 A Multi-channel Micro-wave Radio Relay System, H. S. Black, W.. Beyer, T. J. 


Gilesess and F. A. Polkinghorn, Electrical Engineering Vol. 65, No. 12, pp. 798-806, Dec. 
1 


610 BELL SYSTEM TECHNICAL JOURNAL 


The first tube designed for this service was the 2K23. It was based on 
the design employed in the 2K29 and operated with a drift time of 1} cycles 
in the repeller space. A severe limitation on the performance was set by 
by the requirement that a single oscillator should cover the frequency range 
from 4275 to 4875 Mc/s. It isshownin Section X that in an oscillator tuned 
by changing the capacitance of the gap the efficiency will vary considerably 
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Fig. 99.—Variation of the peak power output vs frequency for the 2K23 reflex oscillator. 
This tube was designed for pulse operation with a duty factor of 10 in a repeller mode 
having 3.5 x radians drift. 
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Fig. 100.—Modulator circuit for use in connection with reflex oscillators showing 
cane applying pulse voltage to the repeller to reduce frequency modulation during 
over such a tuning range. In the case of the 2K23 the variation of the peak 
power output with frequency is shown in Fig. 99. The duty factor at which 
the tube was used (the ratio of the time between pulses to the pulse length) 
was 10. In the AN/TRC-6 application the tube was operated on a fixed 
current basis; i.e., the pulse amplitude was adjusted to a value such that 
the average current drawn was 15 ma. The schematic of the circuit em- 
ployed in pulsing oscillators in this way is shown in Fig. 100. The resonator 
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of the oscillator is operated at ground and the cathode of the oscillator 
is pulsed negative with respect to this ground. The repeller voltage is 
referenced from the cathode and this reference is maintained during the 
pulse. Some frequency modulation occurs during the rise and fall of the 
pulse because of the changing electron velocity. This can be reduced in 
part by applying a part of the pulse in the repeller circuit proportioned 
in such a way as to tend to maintain the drift time independent of the 
cathode to resonator voltage. Satisfactory performance is achieved in 
this way. 

As mentioned previously, the intelligence is conveyed by pulse position 
modulation. The AN/TRC-6 system uses time division multiplex to provide 
eight communication channels. The multiplexing is achieved by trans- 
mitting a four micro-second marker pulse which provides a time reference 
followed by eight one micro-second pulses. The time of each of the latter 
pulses is independently varied in position with reference to the marker 
pulse. 

The time interval from the marker to each pulse could be measured to 
either the leading or trailing edge of the pulse. In Section XII it is shown 
that the leading edge of the r.f. pulse will be subject to what is commonly 
called ‘“‘jitter” because of the random time of rise which will result if oscilla- 
tion starts from shot or Johnson noise. Conceivably oscillation might be 
started by shock excitation of the resonant circuit by the pulsed beam cur- 
rent. However, in Appendix X it is shown that the initial excitation pro- 
duced by shot noise in the beam exceeds that induced by the current tran- 
sient by a factor of approximately 100. The trailing edge of the pulse will 
not be subject to this form of jitter provided two conditions are met. First, 
the pulse duration must be long enough so that oscillation builds up to full 
amplitude during the pulse. Second, the receiver must have a sufficient 
bandwidth so that the transient which occurs on reception of the leading 
edge has fallen to a small value by the time the trailing edge is received. 
Since these conditions were met in the AN/TRC-6 system, the trailing edge 
of the pulse was used. 

In the latter stages of the development of the AN/TRC-6 system it was 
decided to remove the restriction that the required tuning range should be 
covered with a single transmitter tube. This made possible the achievement 
of a design which would provide an improved performance throughout the 
band. In order to improve the circuit efficiency of the resonator, the new - 
designs were based on the oscillator structure which was employed in the 
2K45. It has been pointed out previously that this makes possible a con- 
siderably higher resonant impedance of the cavity, partly because of the 
reduced gap capacitance and also because the smaller first and second grids 
reduce the resonator losses. These effects were reflected in the higher 
efficiency obtained in the 2K54 and 2KS5. 
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The three tubes, the 2K23, 2K54 and 2K55 were intended to couple to 
wave guide sircuits. Although direct coupling to the guide through a wave 
guide output would have been desirable in some ways, it would have re- 
sulted in a very large and awkward structure. It seemed best, therefore, to 
retain the coaxial output feature of tubes designed for beating oscillator 
service. From a standpoint of convenience, it would have been desirable 
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Fig. 101.—A transducer designed to adapt the 2K23, 2K54 and 2KSS oscillators to a 
terminated wave guide load. If the back piston of this coupling is set at a distance of 
1.08” from the center of the probe the impedance presented to the oscillator line is 50 
ohms with a 1 db variation over the required frequency range. 


to have had the wave guide probe an integral part of the tube, as is the case 
in the 2K25. However, the length of a quarter wave probe at the operating 
wave lengths of the AN/TRC-6 system made such a design hazardous. 
Because of this a transducer was developed into which the tube could be 
plugged. This is shown in Fig. 101. The central chuck extends the center 
conductor of the output coaxial of the tube into the guide. It had been 
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originally intended to design this transducer so that all elements would be 
fixed. It was found, however, that an adjustable back piston setting per- 
mitted compensation for manufacturing tolerances in the tubes as well as 
permitting the presentation of a better impedance to the oscillator over the 
band than was attainable with a fixed transducer. This is illustrated in 
Fig. 102 which shows the power output versus frequency for a typical 2K54 
and a typical 2K55 as a function of frequency for three cases. In one case, 
as shown by curve B, the power output is delivered at all frequencies into 
the optimum impedance, i.e. the impedance into which the oscillator will 
deliver maximum power. Curve A shows the power output delivered into 
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Fig. 102.—Peak power output vs frequency for the 2K54 and 2K55 oscillators for sev- 
eral load conditions. Curves A give the performance obtained when the tubes operate 
into a characteristic admittance load threugh the coupling of Fig. 101 with the end plate 
fixed so that the admittance presented to the tubes is constant to within 1 db over the 
frequency range. Curves B give the performance obtained when the optimum impedance 
is presented to the oscillators throughout the band. Curves C give the performance ob- 
tained when the tubes are coupled to a characteristic admittance load with the coupling 
unit of Fig. 101 and with a back piston adjusted to the best value at each frequency. 


a transducer which has the back piston fixed at a distance from the probe, 
so chosen that the impedance seen by the oscillator is flat over the band to 
within 1 db, Curve C shows the power output when the back piston of the 
transducer is adjusted so that the tube delivers maximum power. It can 
be seen that the performance obtained under the latter circumstances is very 
nearly as good as that obtained when the optimum impedance is presented 
to the oscillator. : 

From Sections III and IX we would expect that, since the coupling system 
is such as to give maximum power throughout the band, the sink margin 
should be slightly greater than 2. Figures 103 to 106 give impedance per- 
formance diagrams for 2K54 and 2KS5S at the four transmitting frequencies 
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of the AN/TRC-6 system. From this it can be seen that the sink margin is 
approximately 2 at all frequencies. In a transmitter tube another factor, 
which is of small importance in a beating oscillator, becomes of interest. 
This factor is the pulling figure, which is defined as the maximum frequency 
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Fig. 103.—Rieke diagram for the 2K54 at a nominal frequency of 4500 megacycles. 
The point at the unity vswr condition is obtained by adjusting the repeller voltage and the 
back piston of the coupling of Fig. 101 to the values which gave maximum power. These 
conditions were then held fixed for the remainder of the chart. 


excursion which will be produced when a VSWR of 3 db is presented to the 
transmitter and the phase is varied over 180°. Fig. 107 gives the pulling 
figure as a function of frequency for the 2K54 and 2K55. The requirements 
on the pulling figure for the 2K54 and 2K55 were not severe, since in the 
AN/TRC-6 system the tube is coupled to the antenna by a very short wave 
guide run and, furthermore, the antennas are fixed. 
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Investigation of the pulling figure of early models of the 2K55 led, how- 
ever, to the disclosure of one unforeseen pitfall arising from the existence of 
electronic hysteresis. It had at first been considered that electronic hystere- 
sis would not be of importance in the transmitter tube, where the feature of 
electronic tuning was of noimportance. This might be true ina CW oscilla- 
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Fig. 104.—Rieke diagram for the 2K54 oscillator at a nominal frequency of 4350 
megacycles. The unity tswr point was obtained as described in Fig. 103. 


tor, but in a pulsed oscillator the existence of hysteresis resulted in an un- 
foreseen reduction of the sink margin. Since the oscillator is being pulsed, 
for each pulse the oscillating conditions are being re-established. Although 
the cathode-repeller voltage need not vary during the pulsing, the fact that 
the cathode-resonator voltage is being changed means that for each pulse 
the drift angle in the repeller space varies on the rise and fall of the pulse. 
The effect during the rise of the pulse is the same as though the repeller 
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voltage were made less negative. In other words, on the rise of each pulse 
the situation is equivalent to that in a CIV oscillator when, for a fixed 
resonator voltage, one starts with a repeller voltage too negative to permit 
oscillation and then reduces the repeller voltage until oscillation occurs. 
Let us now suppose that the hysteresis is such that under these circumstances 
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Fig. 105.—Rieke diagram for the 2K55 oscillator at a nominal frequency of 4800 mega- 
cycles. The unity vswr point was obtained as described in Fig. 103. 


the amplitude of oscillation would suddenly jump to a large value. We 
would then obtain a variation of peak power output as a function of the 
repeller voltage shown in Fig. 108. Ordinarily, the repeller voltage would 
be adjusted so as to obtain maxmum power output as, for example, with 
the repeller voltage Vx. Next, let us suppose that a variable impedance 
is presented to the oscillator with the repeller voltage held fixed at value 
Vm ,as would be done, for example, in obtaining an impedance performance 
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Fig. 106.—Rieke diagram for the 2K55 oscillator at a nominal frequency of 4650 mega- 
cycles. The unity vswr point was obtained as described in Fig. 103. 
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Fig. 107.—Pulling figures for the 2K54 and 2K55 reflex oscillators as functions of fre- 
quency. With a unity vswr load the repeller voltage and back piston of the coupling of 
Fig. 101 were adjusted for a maximum power and held fixed for the pulling figure meas- 
urements. 
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Fig. 108.—The variation of power output with repeller voltage for a pulsed re ‘ex 
oscillator exhibiting hysteresis. 
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Fig. 109.—The effect of hysteresis on the Rieke diagram of a pulsed reflex oscillator. 
The hysteresis shown in Fig. 108 can result in failure of a pulsed oscillator to operate in 
the lightly shaded portion of the Rieke diagram as well as the heavily shaded portion 
corresponding to the normal sink. 
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diagram. The effect of varying the impedance on the repeller characteristic 
in Fig. 108 is to shift the whole characteristic to the right or left, depending 
upon the phase of the impedance, as well as to change its general form as 
shown by the dotted curve. It can be seen from this that if the hysteresis 
is sufficiently bad and if the pulling figure exceeds a particular value, one 
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Fig. 110.—Performance characteristics of the 2K22 operated into a 50 ohm load. 


effect of the hysteresis will be to reduce the sink margin, and this is found 
to be the case. Fig. 109 shows an impedance performance diagram obtained 
with pulsed operation for an early model of the 2K55 in which the hysteresis 
was excessive. From this it can be seen that the area of the sink on the 
diagram is very greatly increased and also that the sink margin is reduced 
from the theoretical value of somewhat in excess of 2 to a value of less than 
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1.1 although maximum power occurs at unity VSWR. A modification in 
the design reduced the hysteresis and eliminated this effect as shown by 
Figs. 103 to 106. 

In addition to the transmitter tube for the AN/TRC-6 system, it was 
necessary to design a beating oscillator. This tube is known as the Western 
Electric 2K22. Its design was scaled from the 2K29, previously described. 
The tube was designed to operate into a 50 ohm impedance and can be 
coupled by a coaxial adapter to a 50 ohm line or by means of the transducer 
of Fig. 101 toa wave guide. When the back piston of the transducer is set 
at a distance of 1.080” from the probe center, the impedance presented’ to 
the oscillator is 50 ohms with approximately a 1 db variation over the 
frequency range. Fig. 110 gives the performance characteristics of the 
2K 22 operating into a 50 ohm load. The AN/TRC-6 system using these 
tubes provided a military communication system during the war. A 
description of this service has been given.” Also, models of the AN/TRC-6 
system have been put into service to provide telephone communication be- 
tween Cape Cod and Nantucket and also between San Francisco and 
Catalina Island. 


J. Scope of Oscillator Development at the Bell Telephone Laboratories 


The reflex oscillators discussed in the foregoing sections were developed 
primarily for beating oscillator service, and in one instance for a transmitter. 
Reflex oscillators also received wide application in test equipment. The 
best-known application of this type was in the spectrum analyzer, in which 
the electronic tuning characteristic of the oscillators made possible the dis- 
play of output spectra, and especially of the spectra of magnetron oscillators, 
on an oscilloscope. This greatly facilitated the development of the mag- 
netron. The reflex oscillator also was widely used as a signal generator, and 
the ease of frequency adjustment particularly suited it to this application. 
In some signal generators it was desired to pulse the reflex oscillator at low 
power levels. As an alternative to the method previously described, in 
which the voltage between the cathode and resonator was pulsed, it is 
possible to leave this voltage fixed and to pulse the voltage between the 
repeller and cathode. In this case the repeller-cathode voltage is set at a 
base value at which the tube will not oscillate and the pulse varies this 
voltage to the oscillating value. 

The oscillators which have been described have been chosen to indicate 
various features of their development. In addition to these, a number of 
other oscillators were developed to meet various service needs. Figure 111 
shows a chart giving the frequency ranges of these tubes. Of the eleven 
beating oscillators of the reflex oscillator type on the Army-Navy preferred 


bow ~ 
a 
FREQUENCY IN KILOMEGACYCLES PER SECOND 


- 


y 
& 


TO7A: 

7078 

IN = 
SUITABLE 
CAVITY = 











OSCILLATORS BY CODE NUMBERS 


Fig. 111.—Reflex oscillators developed at the Bell Telephone Laboratories. The 
boxes around the tube numbers show the frequency range covered. 
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list of electron tubes for 1945, nine were developed at the Bell Telephone 
Laboratories. 


APPENDIX I 


RESONATORS 


In thinking about resonators it is important in order to avoid confusion 
to keep a few fundamental ideas in mind. One of the most important is 
that we must not use the notion of scalar potential in connection with fluc- 
tuating magnetic fields. Electric fields produced by fluctuating magnetic 
fields cannot be derived from a scalar potential, and in the presence of such 
fields to speak about the potential at a point is hopelessly confusing.” 

The idea of voltage as the line integral of electric field along a given path 
between two points is useful, but it must be remembered that the voltage 
depends on the path chosen. Consider, for instance, an ordinary 60-cycle 
transformer with the secondary wound of copper tubing. For a path from 
one secondary terminal to the other through the center of the tubing the 
voltage (integral of field times distance) is zero. For a path between ter- 
minals outside of core and coil, the voltage between terminals is dy/dt, 
where p is the magnetic flux linkage of the path and the coil, counting each 
line of force as many times as the path encircles it. 

If resistance drop is neglected the work done in moving a charge through 
a conductor is zero. The line integral of an electric field around a closed 
path is dp/dt. If part of the path is through a conductor, or through a 
space where there is no electric field, the voltage along the rest of the path 
(as between portions of the conductor) isdy/dt. For paths linking different 
amounts of flux, the voltage will be different. In the case of low frequency 
transformers, all paths linking the terminals and lying outside of the core 
and coil link practically the same amount of flux, and there is little am- 
biguity about the voltage. In reflex oscillators the electrons travel from 
one field free region to another along a certain path and this determines 
the path along which the voltage should be evaluated. 

To review: the voltage between two points is the integral of the field along 
the path times distance, and refers to a certain path. If the path begins 
and ends in a field free region, the voltage is dy/dt, where y is the magnetic 
flux linking the chosen path and a return path through the field free region. 

To this should be added that high frequency currents and fields penetrate 
the surface of metals only a fraction of a thousandth of an inch in the 
centimeter range,” so that the interior of a conductor is field free, and fields 
inside of a metal enclosed space cannot produce fields outside of that space, 


16 The electric field can, of course, be derived from a scalar and a vector potential. 
1 As an example, for copper the field is reduced to (1/2.72) of its value at the surface 
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In considering resonators we should further note that the magnetic flux 
must be produced by a flow of current, either convection current or dis- 
placement current, around the lines of force. In a transformer this can be 
identified as the current flowing in the coils. In the resonators used in 
reflex oscillators it is the current flowing in the walls and, as displacement 
current, across the gap and from one face of the resonator to the other. 

Two axially symmetrical resonators suitable for use in reflex oscillators 
are shown schematically in Figs. 112 and 113. The resonator in Fig. 112 
has grids and might be used with a broad unfocused electron beam at a low 
d-c voltage; that shown in 113 has open apertures and might be used with a 


COAXIAL LIN! 


Fig. 112.—An oscillator cavity with grids and loop coupling to a coaxial line. 
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; ‘ 


Fig. 113.—An oscillator cavity without grids and with iris coupling to a wave guide. 





focused high voltage electron beam. In Fig. 112, the resonator is coupled 
to a coaxial line by means of a coupling loop or coil; in Fig. 113 the resonator 
is coupled to a wave guide by means of a small aperture or “iris.” 

Let us consider the resonator of Fig. 112 in the light of what we have just 
said. A magnetic field flows around the axis inside of the resonator. There 
is an electric field between the top and bottom inside surfaces of the resona- 





at a depth. 
5 = 3.82 X 10°VX (al) 


Here ) is wavelength in centimeters. It may also be convenient to note that the surface 
resistivity of a centimeter square of resonator surface is, for copper, 


R = .045/Vx (a2) 
This means that if a current of I amperes flows on a surface over a width W and a length 
1, the power dissipation is 

P = PRI/W (a3) 
For other non-magnetic metals, both 6 and R are proportional to the square root of the 
resistivity with respect to that of copper. 
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tor. There is no electric field outside of the resonator (except a very little 
that leaks out near the grids). To take a charge from one grid to another 
outside of the resonator requires no work. Thus the voltage across the gap 
is dy/dt, where y is the magnetic flux around the axis. Actually, there 
is a little magnetic flux between the grids, and hence the voltage near the 
edges of the grids is a little less than that at the center. 

Current flows as a displacement current between the grids, and as con- 
vection current radially out around, and back along the inside of the resona- 
tor to the other grid. This current flow produces the magnetic field that 
links the axis. 

Part of the magnetic flux links the coupling loop. If this part is y¢ and 
if the coupling loop is open-circuited, the voltage across the coupling loop 


will be dy¢/dt. 
ork ug ime es ee 
cok ug m2 
ah ug m3 


Fig. 114.—Equivalent circuit for a resonator having 3 modes of resonance, 


In the resonator of Fig. 113, power leaks out through the iris into the wave 
guide. Part of the wall current in the resonator flows out through the hole 
into the guide; part of the magnetic flux in the resonator leaks out into the 
guide. 

In dealing with resonators as resonant circuits of reflex oscillators, to 
which the electron stream and the load are coupled, we are interested in 
the gap and output impedances. For a clear and exact treatment, the 
reader is referred to a paper by Schelkunoff."* No exhaustive treatment 
of the problem will be given here, but a few important general results will 
be given. 

Tf the resonator is lossless, the impedance looking into the loop may be 
represented exactly by an equivalent circuit indicated in Fig. 114. As 
coils used at low frequencies are really not simply ideal ‘‘inductances,” 
(an idealized concept), but have many resonances (ascribed to distributed 
capacitance), so the resonator has many, in fact, an infinity of resonances. 
In the equivalent circuit shown in Fig. 114, only 3 of these are represented, 


18S, A, Schelkunoff, Representation of Impedance Functions in Terms of Resonant 
Frequencies, Proc. [.R.E., 32, 2, pp. 83-90, Feb., 1944. 
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by the inductances L,, L,, Ls and the capacitances C,, C:, C3. These 
resonant circuits are coupled to the terminals by mutual inductances m , 
my, m3. In series with these appears the inductance measured at very low 
frequencies Lo, the self inductance of the coupling loop. The circuit in 
Fig. 114 may be regarded as a symbolic representation to be used in evaluat- 
ing Z, just as a mathematical expression may be a symbolic representation 
of the value of an impedance. 

In practical cases, the resonances are usually considerably separated in 
frequency, and near a desired resonance the effect of others may be neglected. 
In addition, if the Q is high we may add a conductance Gx across the capaci- 
tance to represent resonator losses (Fig. 115). It would be equally legiti- 
mate to add a resistance in series with ZL. In Fig. 115 a load impedance 
Z, has been added. Fig. 115 is a very accurate representation of a slightly 
lossy resonator, a low loss coupling loop, and a load impedance. The 

















Fig. 115.—Equivalent circuit showing connection between the oscillator gap regarded 
as one pair of terminals and the oscillator load for an oscillator resonator having only one 
resonant frequency near the frequency of operation. 


meaning of L and C will be made clearer a little later. We will now clarify 
the meaning of m. Suppose no current flows in the coupling loop (Z = &). 
Let the peak gap voltage be V. The peak voltage across m will be 


Va = mV/L (a4) 


In a resonator, if a peak voltage V across the gap produces a peak flux Ym 
linking the coupling loop when no current flows in the coupling loop, then 


Vin = dYm/dt = mV/L (a5) 


This defines m in terms of magnetic field, and L. 

Figure 115 is also a quite accurate representation of Fig. 113. In this 
case the “terminals” are taken as located at the end of the wave guide. 
Lois the inductance of the iris, which will vary with frequency. 

When we are interested in the impedance at the gap as a function of fre- 
quency, we may equally well use the equivalent circuit of Fig. 116. Here 
G, represents conductance due to load; Ge represents conductance due to 
resonator loss. The total conductance, called Ge, is 


Ge = Grt+Gr (a6) 
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The circuit of Fig. 116 does not tell us how G, varies with variation in load 
impedance Z,. Further, Z and C in this circuit are changed in changing 
Z,, and include a contribution from the inductance of the coupling loop 
(which should not be very large). 





Gc = Gat GL 


Fig. 116.—A simplified equivalent circuit of an oscillator resonator. 


Several resonator parameters are vitally important in discussing reflex 
oscillators. These will be discussed referring to Fig. 116. Gz and Gr 
have already been defined. The resonant radian frequency «» is of course 


wo = (LC) (a7) 
A very important quantity will be called the characteristic admittance M 
= (C/L)"" (a8) 


This quantity is important because at a frequency Aw off resonance the 
admittance of the circuit is very nearly 


V =G+j2MAw/u» 


(a9) 
Aw = w — wo 
The “loaded” Q of the circuit will be referred to merely as Q and is 
Q=M/Ce (a10) 
The unloaded Q is 
Qo = M/Gr (al1) 
A quantity which may be called the “external Q” is 
Qs = M/G. (a12) 
We see 
1/Qo+ 1/Qz = 1/2 (a13) 


The energy stored in the magnetic field at zero voltage across the resonator, 
and the energy stored in the electric field at the voltage maximum are both 


W. = (1/2) VC (a14) 
= (1/2) V?M/wo (a15) 
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Here V is the peak gap voltage. Expressions (a14) and (a15) are valuable 
in making resonator calculations from exact or approximate field distribu- 
tions. They define C, L and M in terms of electric and magnetic field. 
The energy dissipated per cycle is 


W1 = 2V°C/ao (a16) 
Hence, we might have written Q as 
Q=2nW./W. (a17) 


This is one popular definition of Q. 

In (a8)-(a17) we usually assume that there is no appreciable energy 
stored in the load or the field of the coupling loop, so that M is considered 
as unaffected by load. The effect of “high Q’’ loads with considerable 
energy storage is considered in a somewhat different manner in Sec. IXB. 

It must be emphasized that the expressions given above are valid for 
high Q circuits only (a Q of 50 is high in this sense). Expression (a17) is 
often used as a general definition of Q, but it is not complete without an 
additional definition of the meaning of resonance in a low Q circuit with 
many modes. Schelkunoff uses another definition of Q. Unforced oscilla- 
tions in a damped circuit can be represented as a combination of several 
terms 


Vie + Voor! + +++ (a18) 
Pr = art jor (a19) 

Schelkunoff takes the Q of the mth mode as 
On = On/ On (a20) 


This is at least a consistent and complete definition. The reader can easily 
see that it accords with the definitions given for high Q’s in connection 
with the circuit of Fig. 116. 

Sometimes there may be a complicated circuit between the gap and a 
coixial line or wave guide. In this case, the circuits intervening between 
th: gap and the line can be regarded as a 4 terminal transducer (Fig. 117). 
The constants of this transducer will vary with frequency. No further 
consideration of this generalized treatment will be given, as it is well covered 
in books on network theory. A particular representation of the transducer 
will be pointed out, however. If the impedance in the line is referred to a 
special point, one parameter can be eliminated, giving the equivalent circuit 
shown in Fig. 118. If the gap is short-circuited, the impedance is zero 
and the impedance at the special point to be chosen on the line is R; the 
special point may be chosen as the potential minimum with the gap shorted. 
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N, the voltage ratio of a perfect transformer, is usually complex. The 
impedance ratio NN* is real. If we are not interested in the relation of 
output phase to gap phase, we may disregard the phase angle of NV, and 
deal only with the impedance ratio, the absolute value of N squared, which , 
we will call N*. Thus, using this equivalent circuit and disregarding the 
phase of N we can for our purposes reduce the number of independent 
parameters from the usual 6 for a passive 4 terminal network to 4, 
Y(= G+ 3B), N’ and R. This reduction can greatly simplify the algebra 
and arithmetic of microwave problems. The circuit of Fig. 118 has an 
additional advantage; if we choose our impedance reference point on the 
output line or guide to be the suitable point nearest to the actual output 


LINE OR 
WAVE-GUIDE 


GAP 





Fig. 117.—A 4 terminal transducer is the most general connection between the oscilla 


tor gap and a line or wave guide. 
SPECIAL POINT 
ALONG LINE 


Fig. 118.—One circuit which will represent all the properties of a general 4-terminal 
transducer. This circuit consists of an admittance Y shunting the gap, a perfect trans- 
former of complex ratio NV and a series resistance R. 





loop or iris, the circuit represents fairly accurately the frequency dependence 
of the output impedance if we merely take Y as 


Y = Get jw(C — 1/wL) (a21) 
Near resonance we may use the simpler form. 
Y = Gr + j2MAa/wo (a22) 


Something has already been said in a general way about the evaluation of 
Land C in terms of the electric and magnetic field distribution in a resonator. 
It is completely outside of the scope of this paper to consider this subject 
at any length; the reader is referred to various books.” ***!_ ‘The discon- 
tinuity calculations of Whinnery and Jamieson” are also of great value in 


19 Electromagnetic Waves, S. A. Schelkunoff, Van Nostrand, 1943. 

20 Fields & Waves in Modern Radio, Ramo & Whinnery, Wiley, 1944. 

21 Microwave Transmission Data, Sperry Gyroscope Company, 1944. 

2 J. R. Whinnery and H. W. Jamieson, Equivalent Circuits for Discontinuities in 
Transmission Lines, Proc. I.R.E., 32, 2, pp. 99-114. 
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making resonator calculations. These can be profitably combined with 
disk transmission line formulae.” ” 

The writers would like to point out that in the present state of the art 
the testing of resonator calculations by models is important. Models 
need not be made of the size finally desired. If all dimensions are made N 
times as large, the wavelength will be V times as great. The characteristic 
admittance M will be unchanged. If the material is the same, and tHe 
surface is smooth and homogeneous, Q and 1/Gz, the shunt resonant 
resistance, will be ~/W times as great. 

It is perhaps a needless caution to say that the accuracy of a method of 
resonator calculation cannot be judged by its mathematical complexity or 
the difficulty of using it. Methods of calculation which are simple and 
may seem to make unduly broad approximations are sometimes better 
founded than appears on the surface, and complicated methods, exact if 
carried far enough, may be so unsuited to the problem as to give very bad 
answers if used in obtaining approximate values. 


APPENDIX II 


MopvuLation COEFFICIENT 


In this appendix the effects of space charge are neglected. 

The modulation coefficient 6 is defined as the peak energy in electron volts 
an electron can gain in passing through the field of a gap divided by the 
peak r-f voltage across thé gap. If an electron were transported across the 
gap very quickly when the r-f voltage was at a maximum the energy in 
electron volts gained by the electron would be equal to the peak r-f voltage. 
Thus, the modulation coefficient can also be defined as the ratio of the peak 
energy actually gained to the energy which would be gained in a very quick 
transit at the time of maximum voltage. 

In this appendix modulation coefficient will be considered only for r-f 
voltages small compared with the d-c accelerating voltage. 

If an electron gains an energy @ times the r-f voltage V across the gap, 
the work done on it is BeV electron volts. By the conservation of energy, 
an induced current must flow between the electrodes of the gap, transferring 
a charge-Ge against the voltage V and hence taking an amount of energy 
BeV from the circuit. Pursuing this argument we see that the modulation 
coefficient 8 times the electron convection current in the beam, q, gives the 
current induced in the gap by electron flow. Ina circuit sense, there is fed 
into the gap, as from an infinite impedance source, an induced current 
64. 

We will assume that the gap involves a region in which the field along the 
electron path rises from zero and falls to zero again. This region is assumed 
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to be small compared with a wavelength and to have little a-c magnetic 
field in it, so that we can pretty accurately represent the field in this re- 
stricted region as the gradient of a potential. Along the path the potential 
is taken as the real part of 


V(x)e* (b1) 


For small gap voltages, to first order, the time that an electron reaches a 
given position may be taken as unaffected by the signal, so that 


t= x/uot+ to (2) 
Then the gradient along the path is 


av = Real V! (x)eez/uoteto) (b3) 


The change in momentum in passing through the field may be obtained by 
integrating the force on an electron times the time through the field. Let 
points a and 6 be in the field-free region to the left and right of the gap. 


Then we have 





> 
A(z) = Real am | V! (aes or/uotwto) dx (b4) 
Uo Ya 
juto pd ; 
A(t) = Real ™ [ Vi(x)e™ de (bs) 
y = w/t. (b6) 


The integral will be a complex quantity. The exponential factor involving 
the starting time fo will rotate this. A(#) will have a maximum value when 
the rotation causes the vector to lie along the real axis, and this maximum 
value is thus the absolute value of the integral. Hence 





b 
Amex = 2| [ve ae]. (b7) 
Uo | Ya 
For a-c voltages small compared with the voltage specifying the speed 
uo , the energy change is proportional to the momentum change. For an 
electron transported instantly from one side of the gap to the other, the 
momentum change can be obtained by setting y = 0. 


b 
Ag). = 2 [ V(x) dx 
(b8) 
v. 


tte 
Uo 
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Here V is the voltage between a and 6. Hence, the modulation coefficient 
6 is given for small signals by 








8 = (1/V) [ Vi(wde™ dx (09) 
V = V(b) — Va) (610) 

Y = w/uo (b11) 

uo = V2nVo (612) 


Thus wo is the electron velocity. 
It is sometimes convenient to integrate by parts, giving the mathematical 

expression for 6 a different form 
| V" (x)e** ib 3 1 
iv j 


3 2 
zl VV" (a)e’™* dx 


6 = (1/V) 








as V’(x) is zero at a and b 


B= av |* V(x) dx |. (613) 





An interesting and important case is that of a uniform field between 
grids. Let the first grid be at x = Oand the second at « = d. There is an 
abrupt transition to a gradient V/d at x = 0, and another abrupt transition 
to zero gradient at x = d. Thus, the integral (b13) is reduced to these two 
contributions, and we obtain 


s= a/ry|% (1 -e*) 
yd 
This is easily seen to be 
B = sin (y d/2)/(y d/2) (b14) 
This function, the modulation coefficient for fine parallel grids, is plotted in 
Fig. 119. 

Sometimes apertures, as, circular apertures, or long narrow slits are used 
without grids. There are important relations between the modulation 
coefficient for a path on the axis and one parallel to the axis for such systems,” 

In a two-dimensional gap system with axial symmetry, if the modulation 
coefficient for a path along the axis is Bo , the modulation coefficient for a 
path y away from the axis is 


By = Bo cosh yy (b15) 


23 These relations first came to the attention of the writers through unpublished work of 
D. P. R. Petrie, C. Strachey and P. J. Wallis of Standard Telephones and Cables 


; (b14) 





a 
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In an axially symmetrical electrode system, if the modulation coefficient 
on the axis is 8) , the modulation coefficient at a radius r is 


Br = Bo Io (yr) (b16) 


Here Jy is a modified Bessel function. 
It is easy to see why (b15) and (b16) must beso. The field in the gap can 
be resolved by means of a Fourier integral into components which vary 
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Fig. 119.—Modulation coefficient for fine parallel grids vs transit angle across the gap in 
radians. 
B = [sin (yd/2)/(yd/2) |, 7 = @/to = 3170/AV Vo. 


sinusoidally along the axis and as the hyperbolic cosine (in the two-dimen- 
sional case) of the same argument normal to the axis or as the modified 
Bessel function (in the axially symmetrical case) of the same argument 
radially. When the integration of (b9) is carried out, only that portion of 
the Fourier integral representation for which the argument is y« con- 
tributes to the result, and as that part contains as a factor cosh yx or 
Io(yx) (b15) and (b16) are established. 

The simple theory of velocity modulation presented in Appendix III 
makes no provision for variation of modulation coefficient across the beam. 
If we confine ourselves to very small signals, we find that the factor which 
appears is 6’. We may distinguish two cases: If the distance from the axis 
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of symmetry were the same for both transits of the electron, we would do 
well to average 8°. If the electrons got thoroughly mixed up in position 
between their two transits, we would do well to average 8 and then square 
the average. We will present both average and r.m.s. values of B. The 
averaged value of 8 will be denoted as 8, , the r.m.s. value as 8, ; the value 
on the axis will be called Bo . 

From (b15) and (b16) we obtain by simple averaging for the two dimen 
sional case, 





Bice fy anh vy (b17) 

vy 

‘ b 

p= e| (R27 +1)! (b18) 

2yy ° 

and for an axially symmetrical case 

Ba = Bo2li(yr)/(yr) (b19) 
B. = Bolla(yr) — Tir)!" (b20) 


It is convenient to rewrite these in a slightly different form, using (b15) 
and (b16). 


Ba = By (tanh yy/yy) (b21) 

s sinh 2yy + 2vy ] 
POT Ee yy + 1) spe 
Ba = Br2Ni(yr)/ (yr) Torr) (b23) 
B. = BAL — Tilyr)/Tor))"” (b24) 


Now consider two similar cases: two pairs of parallel semi-infinite plates 
with a very narrow gap between them, and two semi-infinite tubes of the 
same diameter, on the same axis and with a very narrow gap between them 
(see Fig. 120). For electrons traveling very near the conducting surface, 
V’ is zero save over a very short range at the gap, and the modulation coeffi- 
cient is unity. Thus, by putting 8, = 8, = 1, we can use expressions 
(b15)-(b24) directly to evaluate 8. , 8: and Bo for the configurations de- 
scribed. These quantities are shown in Figs. 121 and 122. 

Suppose, now, that the gap between the plates or tubes is not very small. 
In this case, we need to know the variation of potential with distance 
across the space d long which separates the edges of the gap in order to get 
the modulation coefficient at the very edge of the gap, 8, or B, . 

If the tubing or plates surrounding the gap are thick, we might reasonably 
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Fig. 121.—Modulation coefficient for two semi-infinite pairs of parallel planes with the 
edges very very close together, plotted vs the half distance between planes in radians. 
Bo is the modulation coefficient for electrons travelling along the axis. a is the average 
modulation coefficient and 8, is the r.m.s. modulation coefficient. The separation of the 
planes is 2y, 89 = 1/ cosh yy, 


inh 2 2 a 
B. = tanh yy/vy, a=[ seed ters | 


2yy(cosh 2yy + 1) 


assume a linear variation of potential with distance in the space between 
them. In this case, (b9) gives 


By or B, = Fy(yd) = sin (yd/2)/(yd/2) (b25) 


This is the same function shown in Fig. 119. 
If the tube wall or plates are very thin, one may, following Petrie, Strachey 
and Wallis” assume a potential variation between the edges of the gap of 
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Fig. 122.—Modulation coefficient for two semi-infinite tubes separated by a very small 
distance, plotted vs the radius of the tube in radians. o is the modulation coefficient on 
the axis, Ba is the average modulation coefficient and 8, is the root mean square modulation 
coefficient. is the radius of the cylinders. 

Bo = 1/Io(yr), = Ba = 2Li(yr)/yrTo(yr), 
Ba = (1 — Tiyr*)/Ta(r) 


the form 
A a ae 
V= = sin” > (b26) 
Tn this case, (b9) gives 
By or B, = Fe(yd) = Jo(yd/2) (b27) 


Both F,(yd) and F2(yd) are plotted vs. yd in Fig. 123. 

Figures 121, 122 and 123 cover fairly completely the case of slits and 
holes. The same methods may be used to advantage in making an ap-- 
proximate calculation taking into account the effect of grid pitch and wire 
size on modulation coefficient. 

Assume we have a pair of lined up grids, as shown in Fig. 124. Approxi- 
mately, the potential near the left one is given as 


V = Vix/2 + (aVi/43) In [2 (cosh axe — cos az), (b28) 
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Fig. 123,—If the planes or tubes considered in Figs. 121 and 122 are separated by ap- 
prrcable distance, the modulation coefficients given in those figures must be multiplied 
y a factor F(yd). In this figure, the multiplying factor is evaluated and plotted vs the 
separation in radians for two assumptions—that the gap has very blunt edges (Fi(y d)) 
and that the gap has very sharp edges (F2(yd)). 


This is zero far to the left and Vix far to the right. This expression is 
useful only when the wire radius r is quite small compared with the separa- 
tion a. Midway between wires, 


V =Vix/2 + (a Vt/2m) In [2 cosh =] (b29) 


V" = (Vix/2a) sech? = (b30) 


If we use (b30) for each grid, the values of V” for the two grids will overlap 
somewhat. However, let us neglect this overlap, apply (b30) at each grid, 
and using (b13), integrate for each grid from — © to + %, giving 


Bo = (1/V)(Vin/ya) | 1 —e"* | [ sech* ™ o™ de 








(b31) 
= f{sin (yd/2)/(yd/2)}Go(ya) 
where 
f= Vi/(V/d) (b32) 
Go(ya) = 3 fp aeees sech? u du| = (ya/2)/sinh (ya/2) (b33) 
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Fig. 124—A gap consisting of lined up grids. 
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Fig. 125.—A factor used in obtaining the modulation coefficient of lined up grids vs 
the wire spacing in radians. is the fraction open. The curve for » = 1 also applies 
approximately for a mesh grid. 


Suppose we average over the open space of the grid. If the grid is a frac- 
tion open, from (b17) we see that the average over the open space will be 
obtained by substituting for Go a quantity G(ya, ) given by 


G(ya,n) = {sinh (nya/2)/(1ya/2)}Go(ya) (b34) 


In Fig. 125, G(ya,n) is plotted vs. ya for n = 1, .9,.8. This about covers 
the useful range of values. It should be positively noted that the average 
is over the open area of the grid and applies to current getting through. 

It remains to evaluate the factor f. Suppose x = 0. At the surface of 
the grid wire, y = r, the radius of the wire, 


3V = (Vie/4e) In [2 (1 roe 2) = (Via/2n) In [2 “in =| 
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As we have already assumed 7 is small, we may as well write 
a 
6V = (Via/2n)2.3 logio (s) (b35) 


This emphasizes the sign of 6 V. 
According to (b28), the grid plane appears from a distance to be at zero 


potential. Thus, 
Vid — 22V=V (b36) 
and from (b32) 
f = {1+ (a/x d) 2.3 logio (a/2mr)}~ (b37) 


If we go back over our results, we have for lined-up singly-wound grids, 
from (b31), (b34) and (b37), the average modulation coefficient 


Ba = f{sin (ya/2)/(ya/2)}G(ya,n) (b38) 


The quantity sin (ya/2) can be obtained from Fig. 119, G(ya,n) is plotted 
in Fig. 125, and f can be calculated from (b37) above. 

It must be emphasized again that these expressions are good only for 
very fine wires (r Ka), and get worse the closer the spacing compared 
with the wire separation. It is also important to note that G(ya,n) indi- 
cates little reduction of Ba even for quite wide wire separation. Now yd 
will be less than 27, as 8. = Oatyd = 2x. As aapproaches d in magnitude, 
the assumptions underlying the analysis, in which the integration around 
each grid was carried from — © to ©, become invalid and the analysis is 
not to be trusted. 

It is very important to bear one point in mind. If we design a resonator 
assuming parallel conducting planes a distance L apart at the gap, and then 
desire to replace these planes with grids without altering the resonant fre- 
quency, we should space the grids not Z apart but 


d=fL (b39) 


apart to get the same capacitance and hence the same resonant frequency. 
Mesh grids are sometimes used. To get a rough idea of what is expected, 
we may assume the potential about a grid to be 


V =Vix/2 + (aV1/8x) In [2 (cost ax 2 Be *22)| 


a 


(b40) 
+ (eV3/8r) In [2 (cost 28 — cos =) | 
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Here the grid is assumed to lie in the y, z, plane. This gives a mesh of wires 
about squares a on a side, the wires bulging at the intersections. We take 
r to be the wire radius midway between intersections. 

We see that Bp will be the same in this case as in the case of a parallel wire 
grid. Thus the added wires, which intercept electrons, haven’t helped us 
as far as this part of the expression goes. 

As a further approximation, an averaging will be carried out as if the 
apertures had axial symmetry. Averaging will be carried out to a radius 
giving a circle of area a’. The steps will not bé indicated. 

Further a factor analogous to f will be worked out. Again, the steps 
will not be indicated. The results are 


Ba = g{sin (yd/2)/(yd/2)}Gi(ya) (b41) 
Gaya) = 2N(ya/Wx)/(ya/-V7)Golva) (b42) 
g = 1+ (.365 a/d) (logis (a/mr) — .69) (b43) 


The quantity G,(y,a) is plotted in Fig. 125 for comparison with the parallel 
wire case. It should be emphasized that these expressions assume r X a, 
and that G,(ya) is really only an estimate based on a doubtful approximation. 
The indications are, however, that the only beneficial affect of going from a 
parallel wire grid to a mesh with the same wire spacing lies in a small de- 
crease in 6V (a small increase in the mu of the grid), while by doubling the 
number of wires in the parallel wire grid, a can be halved, both raising mu 
and increasing G(ya,n). 


APPENDIX IIT 


APPROXIMATE TREATMENT OF BUNCHING 


We assume” that the conditions are as shown in Fig. 126 where the elec- 
tron energy on first entering the gap is specified by the potential V). Across 
the gap there exists a radio frequency voltage, V sin wt. The ratio 
of the energy gained by the electron in crossing the gap to the energy 
which it would gain if the transit time across the gap were zero is 
called the modulation coefficient and is denoted by a factor, 8. Weassume 
that the modulation coefficient is the same for all electrons. We also neg- 
lect the effects of space charge throughout. After leaving the gap the 
Vat Vo 

1 


24 This analysis follows the method given by Webster, J. App. Phys. 10, July 1939, pp. 
501-508. 


electrons enter an electrostatic retarding field of strength Ey = 
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such that the stream flow is reversed and caused to retraverse the gap.: 
The round trip’transit time, 7. , in the retarding field when a signal exists 
across the gap is then given by 


“= 2 V/2n(Vo + BV sin wt) (ct) 
nEy 


where 7 = < x 10° = 1.77 X 10" in practical units and 4 is the time of 
first entry of the gap. The time of return to the gap will be 
bh=ht+Ta (c2) 


More accurately 4 and /2.are measured from the central plane of the gap in 
which case a second term should be added to (c1) corresponding to motion at 
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Fig. 126.—Diagram of a reflex oscillator showing quantities used in the treatment ol 
bunching. 


constant velocity. This term is, however, very small and will be neglected 
here. If iz is the current returning to the gap and Jo the uniform current 
entering the gap on its first transit, then from conservation of charge one may 
write 


Ip dt; = in dl (c3) 


In what follows it will be first assumed that 2 and 4; are related by a single 
valued function. At the end of this appendix it will be shown that the 
analysis is also valid where the relating function is multiple valued. 

We now make a Fourier series analysis of i: in order to determine the 
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harmonic distribution. Thus 
ig = ay + a1 COS (wl, + g) + az cos 2(wl, + g) + + +> 


: - (c4) 
+ b: sin (wh + yg) + & sin 2(wf + yg) + °° 
where 
a, = Ef ig COS N(wle + y) duty 
T Jr 
(c5) 


Deft sis 
5, = =f ig sin (wle + y) dwte 
Using (c1) to (c3) we change our variable to 4 obtaining 


a= 1 f- re + 2 Vana BY sin ot) e) dat (6) 


2 
Let at = 04 wry = VDT = g pes 
=if hreosn(a +e +0[1 + % sin 
TT © 
(c7) 


2 
= 4% sin! +--+ |) an 


(c7) cannot be evaluated in closed form without further restriction. The 


first order theory may be obtained by assuming that } as «= z It is 


2 


: xX: 
not sufficient to assume that 7 <X. The latter assumes that the third 


and higher terms of the expansion are small compared to the second. Let 
the integrand be denoted as ip cos nx. The quantity to be evaluated is the 
argument of a trigonometric function where the total angle is of less impor- 
tance than the difference nx — 2m where m is the largest integer for which 
the difference is positive. The condition first expressed requires that the 
contribution of the third and higher terms to the difference phase shall be 
small. The restriction requires that 


Vv - 
n (FF) wo Kr (c8) 
This is a more stringent requirement than 
X _ bv 
= 1 
@ ~ 2Vo <«K (c9) 


(c9) requires only a small modulation depth while (c8) imposes a restriction 
on both the modulation depth and the drift time. 
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With the restriction (c8) imposed we obtain 
1 Gar 
ay = + [ Tecosm aA+e+eA 1+ 7 sin & d6, (c10) 


If we let ¢ = — @all coefficients 5, will be zero and 
Gy = 2(—1)"JoJ (Xn), a = Io (c11) 
Thus the first order expansion for the current returning through the gap is 
ig = Ig[(1 — 2J,(X) cos w(t — 70) 


(c12) 
+ 2J(2X) cos 2w(te — 70) +++] 


Our principal interest is in the fundamental component, which in complex 
notation is given by 
indy = — 2D aSa(X)e* (c13) 
It is shown in Appendix IT that the circuit current induced in the gap will 
be given, if account is taken of the phase reversal of resulting from the 
reversal of direction of the beam, by 
I, = —B(in)s 


The gap voltage at the time of return will be » = V sin w/ or in complex 
notation 





v= Vel ota—r12)) (c14) 
Hence the electronic admittance to the fundamental will be 
_ Th _ 28 aor ts 
Y= nae Ji Vo (c15) 


In the foregoing it was assumed that f, was a single valued function of 
t,. We may generalize by writing (c3) as 


Do dh = i dh (c16) 


For sufficiently large signals there may be several intervals df, which con- 
tribute charge to a given interval df, and hence we write a summation for the 
left hand side of (c16). When the Fourier analysis is made and the change 
in variable from fz to /; is made the single integral breaks up into a sum of 
integrals. In Fig. 127 we plot time ¢, on a vertical scale with the sine wave 
indicating the instantaneous gap voltage. Displaced to the right on a ver- 
tical scale we plot time 2. The solid lines connect corresponding times in 
the absence of signal for increments of time df, and df. When sufficiently 
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arge signals are applied some of the electrons in the original interval df, 
will gain or lose sufficient energy to be thrown outside the original cor- 
responding interval df as for example as indicated by AB. If we consider 
a whole cycle of the gap voltage in time / it is apparent that, under steady 
state conditions, for every electron which is thrown outside the correspond- 
ing cycle in /: another from a different cycle in /, is thrown in whose phase 
differs by a multiple of 27 as for example CD. In summing the effects of 
these charge increments the difference of 2m in starting phase produces no 
physical effect. This is of course also true mathematically in the Fourier 
analysis of a periodic function since in. integrating over an interval 27 it is 
immaterial whether we integrate over a single interval or break it up into a 





Fig. 127,—Diagram showing the relation between f; , the time an electron crosses the 
gap for the first time, and /2 , the time the electron returns across the gap. 


¥ 
sum of integrals over intervals —7 to a, 2mm + a to 24m, + 6, 21m. + b to 
2anz + c, etc. where the subintervals sum up to 27. Hence we conclude 
that the preceding analysis is also valid up to (c7) for signals sufficiently 
large so that 2 and 4, are related by a multiple valued function and is valid 
beyond that point provided that we do not violate (c8). 


APPENDIX IV 


Drirr ANGLE AS A FUNCTION OF FREQUENCY AND VOLTAGE 


Let 7 be the transit time in the drift space. Then the drift angle is 
6=or (d1) 


For changes in voltage (resonator or repeller), both + and w will change. 
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Thus 
‘A6/8 = Aw/w + Ar/r 
(d2) 
= Aw/w + ((07/dV)/7)AV 


As shown in Appendix VI, the derivative of + with respect to repeller 
voltage, d7/0V x , is always negative, while the derivative of + with respect 
to resonator voltage, dr/9V»), may be either negative or positive. For a 
linear variation of potential in the drift region, dr/dVo is zero when Vz = 
Vo.and negative for smaller values of Vr. 


APPENDIX V 


ELectronic ADMITTANCE—NON-SIMPLE THEORY 


A closer treatment of the drift action in the repeller space follows, in 
which are considered the changes which occur as the voltage on the cavity 
becomes large. 

The additional terms to be considered come from an evaluation in series 
of the higher-order terms of (c7), which were neglected in Appendix III. 
Only the fundamental component of current will be considered, although 
other terms could be included if desired. The integrals of interest may be 
rewritten from (c7), using the relation ¢ = —8@, as follows: 


, 2 
a= if cos (6+ xin — de sin’ 0, 
TT . 


20 
i= (e1) 
+52 sin’ ++) 
. ” 2 
i = ie sin (6.4 x sina - 1X 26, 
wT bx 20 
(e2) 


xX. 
+ 3% sint +--+) ao 


We shall hereinafter neglect terms of higher order in ; than those explicitly 


shown here. With this neglect, we can expand the trigonometric functions, 
obtaining : 


a2 f cos (+ Xsin a) [1 — $3 sint a, +--+ Ja 
w Jn 8 & 
ea sin (6, + X sin 6) (e3) 
7 © 


Xe aay 1X’. 
[ a9 at 3p sin A+ d, 
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b= ey sin (+ Xsina) [i - 1X" Sint a+: [ao 
qT 


-* e 
+ ae cos (6, + X sin 6) (e4) 
sin? 1x° 
[-3% sin’ + 5 sin’ ato [ae 


Now of these terms, not all give contributions; some integrate to zero since 
the integrand is an odd function of @. Rewriting with those terms omitted, 


1x* 


apr sin‘ + - -- |e, 


x? (e5) 
sin’ @ + - «Ja 


a= ac cos (6, + X sin ay] - 
Tv © 


es Io , sin (6, + X sin 0)| 3% 


Tv 


26 


b= aie cos (@ + X sin a) [ —} sin 4+: «| ao,. (e6) 


wT Je 6 


Evaluation of these terms is formally simplified by the following relation- 
ships, each obtained by differentiation of the previous one: 


=25,(x) = + Eh cos (6; + X sin 0) db, (e7) 
; ft. catch 
—2I\(X) = al sin (@, + X sin 6) sin 0; d6, (e8) 
—2y'(X) = 1 [ cos (6: + X sin ) sin? dd. ——(€9) 


Continuation of this process gives all the terms of interest in (e5) and (e6). 
Hence 


a = In(-2h pee Re . ‘) (10) 
x tt 
b= la (“hh ++). (e11) 


Therefore the expression for the fundamental component of the beam 
current may be written as follows, passing to complex notation: 


(ig)¢ ~ a1 COS (wlz — 8) + b, sin (wl, — 8) 


(i)y = (a — joe” (e12) 


2 
a Meth anti Zl +5 aes i +3x171)) sre. 
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Following usual conventions, the real part of the complex expression repre- 
sents the physical situation, and the exponential time function will usually 
be omitted in what follows. 

Similarly to Appendix ITI, the induced current in the gap is 


Tn = — Bliss 
ae BX a, “beset i 
= & Be" Ty (an aft ea ey west). (e13) 
The gap voltage is still the same, viz. 


DOV sin wh H Veet) +e let ID) (e14) 


Accordingly, the electronic admittance to the fundamental will be 


na Ty Io 2.9 5(¢m/2)—-0) jx 1 m 
Y. oat 0 VX xe (1- $2 ir x? eee: Est (e15) 


The argument of J; and its derivatives is understood to be X. The 
derivatives can be evaluated in terms of Jo and J; by repeated use of the 
Bessel function recurrence relations (see Jahnke-Emde, Funktionentafeln, 
p. 144). The result is 


— Jo 2 9 iccni2)-0) ae _x _x 
rem Hagen (4 3[(1- 7) 4-94] 


; (e16) 
- pace + xy - axa] +). 
The real part of this will be of interest; it is 
L 6 t 8 x Xx 
G=+ Jo & sino (1, + [( - xh -F 5 
; (e17) 
— RRC? + Xn - PEN). 
The power generated by the electron stream is given by 
P = —1G,V? 
= Vox sin 1 — ace + X*)\J, — 2x “79 | 
(e18) 


(DF) 
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Of this power, only a part is usefully delivered to the load admittance 
G1, the rest being dissipated because of the circuit loss conductance Ge . 
The power lost in the circuit is 


2 _ 2V6Ge X’ 
Pr = 3G2V" = a 7 (e19) 
Accordingly, the useful power delivered to the load is 
Pye P= Py (e20) 


A quantity of interest is the maximum useful power which can be ob- 
tained from the reflex oscillator; this is given by 


oPr OP, 


=0=— 2 
os Me an 
These two conditions are expressed by the next two equations. 
2XJe + 5 cot 0 (—X4Fo — XN) + 5% (ax ax 
(e22) 





xX’ 4Vo Ke 
+(-4 = xt) 1) + BP Ge gang = 


XJa + (—4 + XS, + 0 cot 0-21 — one ((—4X! — 2X)Jo 


$b EX EXON) +2 (AN FAH OL) 23) 


4Vo Rn 
FIe** o sin 6 


A eee | 
One may note that even if one sets Gg = 0 and neglects terms in gthe 


second of these equations is a little different from the corresponding one 
of Appendix III, so that a slightly different phase angle is predicted for 
maximum generated power. The result of Appendix III was 


@cot@=1 


predicting a phase angle @ slightly less than 6, = (m + $)2m. However, the 
zero order result here is al 
2 


6cot@=2— = = — 892 (e24) 


predicting a phase angle a trifle larger than @,, in the approximation of 
Appendix ITI. 
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The equations (e22) and (e23) may look as if drastic measures would now 
be needed, but a parametric solution is surprisingly easy; one need only 
solve (e22) for Gx, and substitute back into the power expression (e20). 


The results are 





2 
Gee a4 6 sin 6 (2 at a [-x*% — XAl 
1 ¥ (e25) 
+ a[ ax — EX')\Jo + (-3 = ix’) x] + -) 
Pie = 1Vo% sin 8 (ar aoe Iect ote! (-x + i 
(e26) 
x 1 [Axe 
+ (2 - *) n] +7 [= Sit (-9X? + ix) 
G.=-G.-G. = Fe gt & sino ( 1 — AXSo + SP 
3 
{(@ s x Tif (-3 + xn (e27) 


+ PBX + (ax! + tex ]) 

One further convolution is necessary, because the equations (e25) and 
(e26) are still subject to the optimum phase angle condition (e23). Sirice 
we are here carrying only terms as far as * approximations are in order. 

From (e24) we get the hint that 6 cot @ is of the order of unity, so that 
terms in me are of the same order as those in * Accordingly an ap- 


proximate solution is obtainable by adding (e22) and (e23) and neglecting 
these small terms. The result is 


2 
6 cot 0 Sgt Xe 23h so 


7 a FO) (e28) 





‘Therefore the optimum phase angle is given by 


_ F(X) 


a? 0, = (n + })2n (e29) 


6= 9, 





For, (30) 


sing = —1 
Ss 268 
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sin 6 1 1 63 
; --jh+ie-ra] (e31) 
coto 1 
a= a PO) (e32) 


From computation it turns out that in the range of interest, the quantity 
F(X) does not differ from (—1) by more than 20%. 

The desired approximate solution comes now from substituting the ex- 
plicit phase optimum (€29) to (e32) back into (e25)-(e27). The results are: 


Toi.a03 1 
2 = Ad 5 (% + + 5(X)) (e33) 
X? (2 1 
Pr = IoVog- G = Jot #5100) (34) 
I 2s. 1 
Gy = th (AP — to + SW0)) (35) 
‘The S-functions are given by 
Soe TO EER og aloes ol ‘) 
5,00) = ( R= GSS gk ge se a 
e 
x? x 
+(-Fe- 2-7)? 
2 
SX) = (-« ee 7 
. (e37) 
+(5 +*F — an — 3xt + Ext) 
Oa eal ke 8 pao 
sux) = (5 4  - axet t aX) 
(e38) 


+ (-# rE 4 te) h 


The equations (e33)-(e35) have the aes meaning: they presup- 
pose that the load G, has been adjusted for maximum useful power in the 
presence of circuit loss Gx , and that the drift angle is also optimum. Then 
the useful power is given parametrically in terms of the circuit conductance 
by equations (e33) and (e34), while (e35) gives the required optimum load 
conductance, also in terms of the parameter X. 4 

The results may be expressed as a chart of useful power, plotted against 
the value of resonator loss conductance. This is done in Fig. 128. 

One may also be interested in the maximum power which could be gen- 
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Fig. 128.—Plot of efficiency vs a parameter proportional to resonator loss for several 
repeller modes. 





Fig. 129—Maximum efficiency for several repeller modes. 


erated if the resonator were perfect. This comes from setting Gz = 0, 
calculating the resulting value of useful power. The results are compared 
with the simpler theory in Fig. 129. 
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Fig. 130.—Relative electronic admittance vs bunching parameter for several repeller 
modes. 
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Fig. 131.—Phase of electronic admittance vs bunching parameter for several repeller 
modes. 
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Fig. 132,—Optimum load conductance divided by small signal electronic admittance vs 
resonator loss conductance divided by small signal electronic admittance for several re- 
peller modes. 
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Fig. 133.—Optimum total circuit conductance divided by small signal electronic ad- 
mittance vs resonator loss conductance divided by small signal electronic admittance for 
several repeller modes. 


Further data which may be determined include the variation of the mag- 
nitude of the electronic admittance with gap voltage, in Fig. 130; also 
its phase, in Fig. 131. The optimum load conductance is plotted as a 
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Fig. 134.—Efficiency vs effective drift angle for several degrees of resonator loss. 
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function of resonator loss in Fig. 132, and the total conductance, load plus 
loss, in Fig. 133. The next Fig. 134, plots efficiency versus mode number 
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Fig. 135.—Efficiency vs a parameter proportional to resonator loss for several repeller 
modes. 


with resonator loss as a parameter, while the next Fig. 135, plots efficiency 
versus resonator loss with mode number as a parameter. 

Most of these graphs include for comparison the results of the simpler 
theory, and it can be seen that the deviations indicated by the second 
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order theory are ordinarily rather small even for the first two modes of 
operation, and are quite negligible for higher modes. 
APPENDIX VI 
GENERAL POTENTIAL VARIATION IN THE DRIFT SPACE 


Suppose that the potential of the drift space is given by V(x), where 
x = Oat zero potential and x = fat the gap. Then the transit time from 
the gap to zero potential and back again is 


ae £ 
10 = (2/n) [ arias (it) 


Imagine now that the entire drift space is raised by a very small amount 
AV. The zero potential point will now occur at 


x = —AV/V'(0) (f2) 
where 
V(x) = dV /dx (£3) 
Hence the new transit time will be 
mt ar=O/Vi) lg Ta CATA () 
Now let 
z= %+AV/V'(0) (5) 


Then, including first order terms only, if V(x) can be'expanded in a Taylor’s 
series about 0, 


Ee {+4viv'(0) dz 
nt ar = O/-Vin) [ [V@) — 1"@)/V'AV + AV} 
—\(ft dz £[(V"(z)/V'@)) — 1) dz 
= Q/v/2a) (f var t 4” [ aver ~«—C 


AV 
- rover 
Whence 


are . 1 t{(W'@)/V'0)) — tds 
f= 5 = Q/V2n) (rewiep +] av ei ee 


In computing F it should be noted that by definition the gap voltage pre- 
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viously referred to as Vo is 


Vo = V(E) (£8) 
In the notation as it has been modified, the transit time is 
—, fe dz 
= (2 ; — £9 
n= @/Vin | oy (9) 


For a constant retarding field in the drift space of magnitude Ey , we can 
write 
nE(m1/2) = » = V2nV (£10) 
Here V is the total energy with which electrons are shot into the drift 
space. From (f10) 








_ 2V2nV 
ne (f11) 
n=, ev 2/2nV 1 ) 9o%0 
1 = dr/dV = qi Gy =o: (f12) 
In the notation used earlier this is 
, To 
n= VO" (£13) 


Now we will compare 7’ from (f7) with 11, the rate of change of transit time 
fora linear field, taking 71 for the same resonator voltage V(¢) and the same 
transit time, given by (f1), as the nonlinear field. The factor F relating 
7’ and 7; will then be 


P= a! /ty 
1 
- 2v00[ mae (a4) 


¢(v"(e)/V"(0) — 1] rere} fod Ty" 
+] Vey I van , 


If an electron is shot into the drift space with more than average energy, 
its greater penetration causes it to take longer to return, but it covers any 
element of distance in less time. Consider a case in which the gradient of 
the potential is small near the zero potential (much change in penetration 
for a given change in energy) and larger near the gap. The first term in 
the brackets of (f14) will be large, and the second is in this case positive. 
This means that in this type of field the increased penetration per unit energy 
and the effect of covering a given distance in less time with increased energy 
work together to give more drift action than in a constant field. However, 
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we might have the gradient near the gap less than that at the zero potential. 
In that case the second term in the brackets would be negative. This means 
a diminution in drift action because the penetration changes little with 
energy while the electron travels faster over the distance it has to cover. 

To show how large this effect of weakening the field near the zero potential 
point may be, we will consider a specific potential variation, one which 
approximates the field in a long hollow tubular repeller. The field con- 
sidered will be that in which 


V@ = (¢ — 1)/ef (£15) 
We obtain 
Ret 4) ia (£16) 
Now 
v'(0) = &" (f17) 
V'(@)=1 (£18) 
Hence 
ote - 1) 
rl) Rom 
v'(0) 


This shows clearly how the effective drift angle is increased as the field at 
the zero potential point is weakened. For instance, if V’(0) = 4, so that 
the field at the zero potential point is } that at the gap, the drift effective- 
ness for a given number of cycles drift is more than doubled (F = 2.27). 

There is another approach which is important in that it relates the varia- 
tions of drift time obtained by varying various voltages. Suppose the gap 
voltage with respect to the cathode is Vo and the repeller voltage with re- 
spect to the cathode is —-Vz. Now suppose Vo and Vz are increased by a 
factor a, so that the resonator and repeller voltages become aV) and —aVr. 
The zero voltage point at which the electrons are turned back will be at the 
same position and so the electrons will travel the same distance, but at each 
point the electrons will go a? times as fast. If, instead of introducing the 
factor a, we merely consider the voltages Vz and Vo to be the variables, we 
see that the transit time can be written in the form 


7 = Vo'F(Ve/Vo) (£20) 
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The function F(Vz/Vo) expresses the effect on 7 of different penetrations of 
the electron into the drift field and the factor Vo’ tell us that if Vz and 
Vo are changed in the same ratio, the drift time changes as OMe over the 
square root of either voltage. 

We can differentiate, obtaining 


47/OV x = Vo'F'(Vx/Vo) (£21) 
7/9Vyo = —Vo'((Va/Vo)F'(Vz/Vo) + (1/2)F(Ve/Vo)) (£22) 


Tf the electron gains an energy BV in crossing the gap, the effect on + 
is the same as if Vo were increased by BV and Vx were changed by an 
amount —8V, because in an acceleration of an electron in crossing the gap 
the electron gains energy with respect to both the resonator (where the 
energy is specified by Vo for an unaccelerated electron) and with respect to 
the repeller (—V» for an unaccelerated electron). We may thus write 


07/0(BV) = d7/dVo — O7/dVe 
= —Vo'{(t + Ve/Vo)F'(Vn/Vo) + 3F(Vn/Vo)] (£23) 


This expression (f23) is for the same quantity as (f7). Vo of (f23) is 
V(¢) of (£7). Expressions (f21), (£22) and (f23) compare the effects on 
drift time of changing the repeller voltage alone, as in electronic tuning, the 
resonator voltage alone, and of accelerating the electrons in crossing the 
gap. As making the repeller more negative always decreases the drift 
time, we see that the two terms of (f22) subtract, and usually | d7/dVo | 
will be less than | d7/@Vx|. In fact, for a linear variation potential in 
the drift space and for Vo = Ve, dr/AVo = 0. Weak fields at the zero 
potential point make the absolute value of F’(Vx/Vo) larger and hence 
tend to make both | d7/dVz| and | dr/A(BV) | larger. However, these 
quantities are not changed in quite the same way. 

The reader should be warned that (f14) and (f20)-(£23) apply only for 
fields not affected by the space charge of the electron beam. For instance, 
suppose we had a gap with a flat grid and a parallel plane repeller a long 
way off at zero potential. If edge effects and thermal velocities were 
neglected, we would have a Child’s law discharge. The potential would be 
zero beyond a certain distance from the repeller, and we would have 


V(z) = Ast 


According to (f14), # should be infinite. There is no reason to expect 
infinite drift action, however, for the drift field, which is affected by the 
fluctuating electron density in the beam, is a function of time, and (f14) 
does not apply. 
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APPENDIX VII 


e IpEaL Drirt FIELD 


The behavior of reflex oscillators has been analyzed on the basis of a uni- 
form field in the drift space. It can be shown that this is not the drift 
field which gives maximum efficiency. The field which does give maximum 
efficiency under certain assumptions is described in this appendix. 

Consider a reflex oscillator in which a voltage V appears across the gap. 
This voltage causes an energy change of BV cos 4, for the electron crossing 
the gap. Here 6; is the phase at which a given electron crosses the gap for 
the first time. The effect of the drift space is to cause the electron to re- 
turn after an interval rz where 7, is a function of this energy. 


Ta = f(BV cos 1) (g1) 


Thus,'each value of ra will occur twice every cycle (2m variation of ,). We 
will have 


0 = wh; (g2) 

84 = w(t + Ta) 
3 
= + (A) wy 
9(%1) = wre (g4) 


Here t, is the time at which an electron first crosses the gap and (4) + Ta) 
is the time of return to the gap. 6, and 6, are the phase angles of the voltage 
at first crossing and return. 

The net work done by an electron in the two crossings is 


W = BVel[—cos 6 + cos (8, + 9(4:))] (g5) 


If the beam current has a steady value Tes the power produced will be 
‘ ® 
P = (BV Io/2x) | [—cos 6 + cos + os) ds. (6) 


The integral of cos 6; is of course zero. Further, from (g4) we see that 
(61) = o(—A) 


Hence 


as) 
ll 


(BVLs/2n) J (cos (—H + e(6s) + cos (bs + o(6))] db 
¥ (g7) 
= (6VIp/27) [ cos ¢(6;) cos 4; dA; . 
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As cos g(6;) cannot be greater than unity, it is obvious that this will have its 
greatest value if the following holds 

0< 6 < x/2, (6:1) = 2nn, cos (6:) = +1 (g8) 

t/2<A<7, (41) = (2m + 1), cos g(6;) = —1 = (g9) 


These conditions are such that for a positive value of cos g the gap voltage 
is accelerating giving a longer drift time than obtains for a negative value 
of cos y(6;) for which a retarding gap voltage is required. Thus, physically 
we must have ~n, 


2n > Im+1 (g10) 


The simplest case is that for m = 1 and m = 0, so that in terms of the gap 


voltage 
v1<0, gA)=7 
(g11) 
v>0, (6) = 2n 


This sort of drift action is illustrated by the curve shown in Fig. 136. 
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Tig. 136.—Ideal variation of drift time in the repeller region with resonator gap voltage. 


The problem of finding the variation with distance which would give this 
result was referred to Dr. L. A. MacColl who gave the following solution: 

Suppose Vp is the voltage of the gap with respect to the cathode and ® is 
the potential in the drift space. Let 


xo = V29Vo/w (g12) 


Here w is the operating radian frequency. Let x be a measure of distance 
in the drift field. 


® = Voll — (x/xo)"], 0<x< x% 
& = Volt — [(x/x0)® + 1)°/4(4/a0)"}, x > m0 
This potential distribution is plotted in Fig. 137. 


(g13) 
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Fig. 137.—Variation of potential in the repeller region vs distance to give the charac- 
teristics shown in Fig. 7.1. 


CH 


Fig. 138.—Electrodes to achieve approximately the potential variation in the drift 
region shown in Fig. 7.2. 
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The shapes for electrodes to realize this field may be obtained analytically 
by known means or experimentally by measurements in a water tank. The 
general appearance of such electrodes and their embodiment in a reflex 
oscillator are shown in Fig. 138. Here C is the thermionic cathode forming 
part of an electron gun which shoots an electron beam through the apertures 
or gap ina resonator R. The beam is then reflected in the drift field formed 
by the resonator wall, zero potential electrode I and negative electrode II, 
which give substantially the axial potential distribution shown in Fig. 137. 
Small apertures in the resonator wall and in electrode I allow passage of the 
electron beam without seriously distorting the drift field. Voltage sources 
V, and V2 maintain the electrodes at proper potentials. Either suitable 
convergence of the electron beam passing through the resonator from the 
gun or axial magnetic focusing will assure return of reflected electrons 
through the resonator aperture. In addition, the aperture in electrode I 
forms a converging lens which tends to offset the diverging action of the 
fields existing between the resonator wall and I, and between I and II. 
R-f power is derived from resonator R by a coupling loop and line L. 


APPENDIX VIII 


Execrronic Gap LoaDING 


If a measurement is made of gap admittance in the presence and in the 
absence of the electron beam passing across it once, it will be found that the 
electron stream gives rise to an admittance component Y. The susceptance 
is unimportant, but the conductance G can have a noticeable effect on the 
efficiency of an oscillator. 

Petrie, Strachey and Wallis have provided an important expression for 
this gap conductance due to longitudinal fields when the r-f voltage is small 
compared with the beam voltage Vo.” In this analysis it is presumed that 
the fields in the beam are due to the voltages on the electrodes only and not 
to the space change in the beam.” This analysis is of such importance that 
it is of interest to reproduce it in a slightly modified form. We will first 
consider the general cases of interaction with longitudinal fields and will 
then consider transverse fields also, 


A. Longitudinal Field 


Assume a stream of electrons flowing in the positive x direction, constitut- 
ing a current — J), bunched to have an a-c convection current component 


25 These expressions were communicated to the writers through unpublished but widely 
circulated material by D. P. R. Petrie, C. Strachey and P. J. Wallis of Standard Tele- 


phones and Cables Valve Laboratory. 
26 The expressions are valid in the presence of space charge, but as the field is not known, 


they cannot be evaluated. 
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i,. Now if # is the time a particle passes x; and fz the time the particle 
passes x2, the convection current at 22 will be 


a 


tg = (—In + a) + Ih. (h1) 


This merely states that the charge which passes x; in the time interval dh 
will pass « in the time interval dp. Suppose the electrons are accelerated 
at « by a voltage 


Ve“ 


If Vo is the voltage specifying the average speed of the electrons, the veloc- 
ity will be 


0 = (2nVo)(d + (V/Vo)e™)! (2) 
We then have 
bh=h+r+ (V/Voije")4 


h3 
T= x(2qVo)? ps) 

dy jor(V/Vo)e* 
dt, } ~ XA + (W/V) o) 


Now assume (V/Vo) K 1. If we neglect higher powers than the first 
we can replace 4 by 





h=h—T 
and obtain 
dty _ GV 
Go os 
and from (h1), neglecting products of two a-c quantities 
ig = i, — 22 TE0 pein, (6) 


2Vo 


Suppose we consider an electron stream travelling through a longitudinal 
field of potential fluctuating as é and of magnitude V(x), where V(x) 
may be complex. Then the current at «vz due to the action of the field at 
a, is, omitting for convenience the factor e”, 

GeV" (m) 


ah y(xe = mje oer) dx; (h7) 


diz = 


y = w/u : (h8) 
uo = (2nV>)?. (b9) 
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Hence, the convection current at <2 is 





an = if” V' (aye — nie? dy. (n10) 
The power flow from the electron stream to the circuit is 


P=} 7 V'(xa)ik des (hi1) 


jlo ape ai 1 <> jy(za—21) 
p=ie i fc V' (ea) V"*()y (2 — ae dx dxz.  (h12) 


We have in (h12) an expression, based on the physics of the picture, for 
power flow from the electron stream to the circuit. This expression is a 
product of the electron convection current, due to bunching, and the electric 
field, and the product is integrated from x = — © to x = +0, which is 
merely a way of including all the a-c fields present. We could as well have 
integrated between two points a and b between which all a-c fields lie. 

We will now go through some strictly mathematical manipulations of 
(h12), designed to transform it to a more handy form. In the following 
steps we may regard x; and 22 as merely two different variables of integra- 
tion, disregarding completely their physical significance. 

Suppose in the «; x2 plane, x; is measured + to the right and x2, + up- 
wards. Then the plane is divided into two portions by the line 4» = 1, 
and we are integrating over the upper left portion. If we reverse the order 
of integration we obtain 


_ Slo. ff” , he, in(sy—21) 
-# fe [ Vi @a)V"*(eyyn — me" day day. (h13) 


Let us (a) interchange the variables of integration 2 and 2; and (b) take 
the conjugate of P. We obtain 


pe = ih f [ V(x) V*(ex)y(ea — mie"? dy de. (h14) 
aya tols 


The real part of P is 4 (P + P*); hence 


Real = i ie Ee V! (x2) V'* (a) y(%2 — xe?) dx, dx... (h15) 


Let us consider the quantity 


dee a: V'(xe™ dx (ni6) 
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|A)P = AA* = ( t V" (xa)e"** an)( jig VF Qjer™ ars) 
ois " (ht7) 
bo [ i} V' (x2) V* ee" dary dis 





a gas 
: a re 3 [. [ venue cartes — ne"? diy den. (ht8) 


Hence, we see 


Ip y2lAl 


1 = 
Real av, 7 ay 





(h19) 


B. Transverse Field 


Suppose we consider the additional power transfer because of deflections. 
There will be two sources of energy transfer. . First, imagine a fluctuating 
y component of velocity, 7. Let #9 be the x component of velocity and —Jo 
the convection current to the right. In a distance dx this will flow against 
the potential gradient in the y direction a distance 


dy = (9/uo)dx (h20) 
and the power flowing to the field from the beam will be 
ap # a (5*/ua) de. (h21) 


This is not the total power aaa however. The beam will also suffer 
a displacement y in the y direction. Now the x component of field varies 
with displacement; hence the beam will encounter a varying field. We 
can write the instantaneous power transferred from the beam to the field. 
Let (V); be the instantaneous value of V and (y); be the instantaneous 
value of y. The instantaneous power will be 


dp = - (4 a (ae. (h22) 








dx axdy 


Let us compare this with the instantaneous power transferred from the 
beam to the field by a fluctuating convection current (i); 


dp = "OG. (123) 


We see that according to our convention that 


P=vir (h24) 
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we may write, from (h22) 


P= —h EY be: (h25) 
The y gradient of the potential at x; produces a velocity at 2 
It produces a displacement at 22 
nai EC (2), (ty — eye" dy (27) 


Writing ‘the total power as 
P=Pi\+ Pe. (h28) 
We have the two contributions from (h22) and (h23) using (h9) 


= wl. f (F “(x vy" er) deydyy (029) 
and 
Ps Hl. te (5 ) (2) (a — xy)e™@*) dx dx,. (30) 


Again, we will turn to mathematical manipulation disregarding the 
physical significance of the variables. If we change the order of integra- 
tion, (h30) becomes 5 


aaa i fe (=), (2 vy. (2, — me"? day dy. (h31) 


Integrating with respect to x2 by parts we obtain 


= OVE kt ent aes > 
~ 45 nL (F ”), (=). a ae = 1 
, ‘ ; 


“Leelee 


my, . = : . 
“The first term is zero because (7) is zero at x) = — © and (a — ») is 
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zero at %; = %,. Changing the order of integration, we obtain 


+ LLG) mer 
0 


+2 CGO) EG) ore anan. 


From (h29) and (h30) we see that the total power is 


rai hf E (2 "Ye ry" (a2 — me" dar dxp. 


By the same means resorted to in connection with (h12) we find 


I a|B/ 
Real = 37.7 ay 


= av jyz 
s - mena 
We can go a step further. We have 


A -[ Ce dx, 
oo OX 





Now 
ad _ f° aV ine 
ig = da0y aye dx, 
Integrating by parts 
ee) er {. OV ine 
ae e aT iL ay e™ a. 





The first term is zero, and we see that 
| Bl? = (| a4/ay |"/7) 
_ Ty , a(lad/ay ?/7) 
Real = V7 ==" aye oe 


C. Electronic Gap Loading 


(h33) 


(h34) 


(h35) 


(36) 


(h37) 


(h38) 


(h39) 


(h40) 


(h41) 


In (h19) and (h41) we have expressed the power flow from the electron 
stream to the circuit in rather general terms. What we want immediately 
is the quantity (conductance) giving the power flow from the circuit to the 
stream for a single gap. Assume we have a single gap with unit peak r-f 
voltage across it. The power absorbed by the electron stream can be 
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attributed to a shunt conductance such that 
Pp = GV"/2 = G/2 
G = 2Pr . 


Also, in this case | A | is simply 8, the modulation coefficient. Hence, the 
conductance due to action of the longitudinal fields is, from (h18), simply 


(h42) 





_ —loy 48° 
Gi = WV ay" (n43) 
And, due to the action of transverse fields there is another conductance, 
from (h41) 
aie (ay) 
= FH, ay (F (5 ne 
G=G4+G. (h45) 


These are surprisingly simple and very useful relations. 
It is interesting to take an example which will indicate both effects. 
We have from (b24) for tubes of radius r> with a narrow gap between them 


Bi = Bell — Ti(yro)/ToCvro)]. (h46) 
Accordingly, the part of the conductance due to the longitudinal field is 
Gi = Filyro)I0o/4Vo0 (h47) 
Fyn) = —7083/87 


Il 








go [(ee3) — 1% (Rees) - (1000). (n48) 


Similarly, the part of the conductance due to the transverse field is 


r= Fr(yro)Io/4Vo (h49) 
a1/%/10 2 
Fr(yn) = —¥ ayn [ i(; re ) 2r dr. (h50) 
From (b16) we obtain 
Br = To(yr)/Io(y10) (h51) 


0B, 1 7/1 a a 
2 = Ti(yr) /To(yro) x} G5) 2r dr 


PS. [ joes = ee 
Toyro) — Toyra) 1 


1 
? (h52) 
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And from this we obtain 


eof} ek (yr) 
Fonte a [: a 


oe) = (Bessy et (fees) 
ae (; o(-Y70) To(yro) ‘ To(-yr0) : 
The total conductance is 


G = G+ G2 = (Filyro) + Frlyro))I0/4Vo. (h54) 


In Fig. 139, (GiVo/Io), (G2Vo/Io) and (GVo/Io) are plotted vs yro. 
It may be seen that while the conductance due to transverse fields may be 
negative, the total conductance is always positive. 


(h53) 
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Fig. 139.—Gap loading factor vs radius of tubes forming gap measured in radians. 
The tubes are supposed to be filled with uniform electron flow. The curve involving 
G, is that for longitudinal effects, that involving G, is for transverse effects, and that 
involving G is for both combined 


This example tends to exaggerate the effects of transverse fields because 
the beam is assumed to fill the whole tube. In an actual case the beam 
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would probably not fill the whole tube, and the effect of transverse fields 
would be less. ' 

Perhaps a more useful expression is one ‘acne longitudinal fields 
only; that for infinitely fine parallel grids. In this case, if the separation 
is ¢ 

BY = sin* (6/2)/t/2" (h55) 
and, from (h43) 


Ip sin (y¢/2) le (yt/2) | 
= | — — 0608 (rt/2) |. 56 
B74 rela) LGreyay 08 “74/?) a 
In Fig. 140, (GV0/Io) is plotted vs (y¢/2). The negative conductance 
region beyond yf = 2n, familiar through Llewellyn’s work with diode 
oscillators, is of less interest in connection with reflex oscillators. 
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Fig. 140.—Gap loading factor for fine parallel grids vs grid separation in radians. 


It is of some interest to compare the electronic gap loading with the small 
signal electronic conductance due to drift action. Assume, for instance, 
we have fine parallel plane grids for which yf = 7. From (h2) we get 


(GVo/Io) = .202. 


As the current crosses the gap twice we should count the current involved 
as twice the d-c beam current J, 


G = 4041/Vo. 
From (2.1) 
B = .633 
B’ = .400 
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If we assume 3.75 cycles of drift, then from (2.4) the magnitude of the small 
signal electronic admittance is 


Ye = B'I0/2Vo _ (57) 
= 4.71 Io/Vo. 
Thus, in this example, the gap loading is about 1/10 of the small signal elec- 
tronic admittance. 
D. Bunching in the Gap 


An unbunched stream will become bunched due to a single transit across 
an excited gap. Expression (h10) gives us a means for calculating the ex- 
tent of this bunching. As an example, we will consider the case of fine 
parallel grids separated by a distance ¢. Then the gradient is given by 





Vm) = V/t (h58) 
from x, = 0 to x = a, = 4, and by zero elsewhere. Thus 
2/V = Gi et = G/rH a — eer", (h59) 
Tt should be noted that for large values of y¢ 
in/V = (1/2)(Io/Vo)e 7. (h60) 
For our previous example, if yf = 7, 
in/V = 592 (Io/Vo)e™. (h61) 


If the current is referred to the center of the gap instead of the second 
grid, we obtain a current i such that 


i/V = 592 (Io/Vo)e™. (h62) 


Now, the electrons constituting current i will drift 3.75 cycles and will 
return across the gap in the opposite direction. To get the induced circuit 
current J we take this into account and multiply by 8 


1/V = —aG/nyere” 
= —.375(Io/Vo)e Bat 


This is very nearly of the same size as the electronic gap loading. 

The general conclusion seems to be that for typical conditions encoun- 
tered in reflex oscillators, gap loading and bunching in the gap are small 
and probably less important than various errors in the theory. 


(h63) 
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APPENDIX IX 


LossEs IN GRIDS 


Although the general problem of resonator loss calculation is not treated 
in this paper, grids seem peculiar to vacuum tubes and losses in grids will 
be discussed briefly. 

.Assume that we have a pair of grids of some mesh or network material, 
parallel, circular, and of a diameter compared with the wavelength small 
enough so that variation of voltage over the grids may be neglected. The 
capacitance inside of a radius r is 


C= err /d 
€ = 8.85 X 10“ farads/cm. 


Here d is the separation between the grids. For unit r.m.s. voltage across 
the grids, the power dissipated in the part of both grids lying in the range 
dy at ris 


(i1) 


dP = 2(wC)*(R dr/2nr) 
= wear dr/d’. 


Here R is the surface resistivity. The total power is equal to V’G, where G 
is the conductance measured at the edge of the grids, and is 


(i2) 


2 2 aR D/2 
Ga Patel te 
d { (i3) 
= we rRD*/64 2’. 
It is interesting to express w in terms of , the wavelength, c the velocity of 
light, and then to put in numerical values 


G = (1/16)r'e®RD*/n? d* (i4) 
G = 1.39 X 10 °RD‘*/ a’. (iS) 
Now for the copper, the surface resistivity is 

R. = .045/Vd (i6) 

where \ is measured incm. Suppose the grid material is non-magnetic and 
has WN times the low frequency resistivity of copper. Then for it, the sur- 
face resistivity will be N? times that given by (i6). Suppose that the diam- 
eter of the grid wires is 2r and the distance center to center isa. If current 


flowed on one half of the wire surface only, the surface resistivity parallel 
to the wires would be 


R = N'R,(a/xr). (i7) 
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Té we use this as the surface resistivity in (i5) we obtain 
G = 1.99 x 107 () VND a’. (8) 


It is a somewhat remarkable fact that if we work out the loss for a pair 
of grids with surface resistivity R in one direction and infinite resistivity 
in the other direction (parallel wire grids) we get just twice the conductance 
given by (i5). Thus, it appears to be roughly true that if we have a given 
parallel wire grid, adding wires between the original wires and adding wires 
perpendicular to the original wires should have about the same effect in 
reducing circuit loss. 


APPENDIX X 


STARTING OF PULSED REFLEX OSCILLATOR 


Tf a reflex oscillator is turned on gradually, the voltage from which the 
oscillations build up is certainly that due to shot noise in the electron stream. 
However, if the current is turned on as a pulse of short time of rise, it might 
be that the microwave voltage produced by the high frequency components 
of the pulse would be larger than the voltage produced by shot noise, and 
hence that oscillations would build up from the transient produced by the 
pulse and not from shot noise. This would be important because presum- 
ably the voltages produced by the pulse are always the same and related in 
the same manner to the time of application of the pulse; thus, in buildup 
from the transient of the pulse there would be no jitter. 

In an effort to decide from which voltage the oscillations build up, we 
will consider Johnson noise and shot noise voltages. 

Associated with a mode of oscillation of the resonator there is a mean 
stored energy kT. If Land C are the effective inductance and capacitance’ 
of the mode and J? and V? are the mean square current and voltage 

AT = 'L/2 + V'C/2. (jl) 
On the average, half of the energy is in the capacitance and half in the in- 
ductance; thus 
V? = kT/C 
(j2) 
= kTw/M. 


Here M is the characteristic admittance of the mode and wp is the resonant 
radian frequency. 

As an equivalent circuit for the mode we may use conductance G in shunt 
with an inductance L and a capacitance C. The impressed Johnson noise 
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current for a bandwidth B is 
Ti = 4kTGB. (j3) 


Suppose the current crossing the gap is 27» (a current J) with two transits). 
If the current has full shot noise (no space charge reduction of noise) the 
impressed shot noise current per unit bandwidth will be 


PE. = 2e(21y)B 


(54) 

= 4eI)B. 
Thus, we see that the shot noise voltage will be the Johnson noise voltage 
times the factor ? 

Fae th 

a kTG 6s) 

— 11,600 Jo 
De 8G 


The conductance G is given by 
G=M/Q. 
Let us take reasonable values, 
T = 293° K (20° C) 
Io = .2 amperes 
M = .06 mhos 
Q 400 (loaded Q). 


The values of M and Q are about right for the 2K23 pulsed reflex oscillator. 
We obtain 


iz 1 
= =5.3 X 10. (j6) 
P 
t 
Thus, shot noise is very much more important than Johnson noise. 
From (j2) and (j5) we see that the shot noise voltage squared may be 
expressed as 


a Ii 2 
T= sai’. ) 





In pulsing a reflex oscillator, the voltage and current will be raised simul- 
taneously; however for the sake of simplicity in calculation, we will assume 
that the voltage is constant and the injected current is zero at ¢ = 0, rises 
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linearly with time toa value Jp at a time A/, and remains constant thereafter. 
There will be a return current across the gap, the negative of the injected 
current and delayed by the drift time 7 with respect to the injected current. 
In calculating the response to this applied current, loaded Q will be as- 
sumed to be infinite; actually, the shunt resistance will be positive when 
the current is small and negative when the current becomes large enough 
so that the electronic conductance is larger in magnitude than the circuit 
conductance. The assumption of zero conductance should, however, give 
us an idea of the transient which would be effective in starting the oscillator. 
If a charge dg is put onto a capacitance C = M/wo forming part of a 
resonant circuit of frequency wo, the subsequent voltage across the circuit 
will be 
d= ae dq. (j8) 
We see that for times late enough so that the injected and returned current 
are both constant, the voltage due to our assumed current will be 


veo * by jult-to)  jwlt=t0) 
= 7 = aie dy +] e dty 
M 0 At 





reat ‘ 09) 
© [os lo = 7 jolted gy, — | giat—to) a) 
t+At 
Integrating, we find 
is. =) = emer — 1), (10) 
If we have n + 3/4 cycle drift, 
erty. (jd) 
The extreme value of (¢ 7“! — 1)is—2. For this value we would obtain 
215 ; 
IV = gaara (j12) 
From this and (j7) we obtain 
yr 2.3 
v2 _ eQAt wo (j13) 


[VP 
Taking the values 
e = 1.59 X 10°” coulombs 


Io = .2 amperes 

400 (loaded Q) 

At = .2 X 10° seconds 

wo = 25 X 10° radians/second. 


oO 
I 
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We obtain 





Vi : 

ive 99.2. (j14) 
The indications are that oscillations will built up from shot noise rather 
than from the high frequency transients induced by the pulse. 

The preceding analysis assumes that the full shot noise voltage will 
appear across the resonator soon enough to override the pulse. The shot 
noise voltage will reach full amplitude in a time after application of the 
current of the order of Q/fo = 2Q/wo. For the values given above 


2nQ/wy = 05 X 10° 


as this is a considerably smaller time than the .2 microseconds allotted for 
the buildup of the pulse, the assumption of full shot noise voltage is pre- 
sumably fairly accurate. 


APPENDIX XI 


‘THERMAL TUNING 


Two extreme conditions may exist 
(1) Cooling is by radiation alone 
(2) Cooling is by conduction alone. 


(1) Radiation Cooling 
The rate of change of temperature on heating ‘will be given by 


qT 1 
Zc (P; — KT‘). (k1) 
Where 


T is the absolute temperature of the expanding element. 
C is the heat capacity of the element. 

K is the radiation loss in watts/(degree Kelvin)*. 

P; is the power input to the tuner in watts. 


It is assumed that the temperature of the surroundings is constant and the 
power radiated to the expanding element is included in P;. Let 
Ed: 
P;= KT! and T.=F- (k2) 
T, is then a reduced temperature since 7. is the temperature which the 
expanding element would reach at equilibrium for a given power input, i.e. 
P; 


4 
T= (2) . T, is then always less than 1. 
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Upon substitution of (#2) in (#1) 


OTD Right 
a Hee Ts] (k3) 


which may be integrated to 
c -1 -1 
KE (tan T, + tanh™ T,] = t + to (k4) 


where ¢p is a constant of integration. Let 


F\(T,) = [tan77, + tanh7,]. (ks) 


This function is plotted in Fig. 79.._ In order to determine the cycling time 
for heating 7, assume 


At t=0, T, = Tye Le. Tro = To/Tm 
t=, T, = Tyr Tn = Ti/Tm 


where 


Tm is the value of the temperature 7, corresponding to the maximum 
power input Pn. 

T, is the temperature corresponding to one band limit. 

T, is the temperature corresponding to the other band limit. 

Ti > Te. 


The cycling time for heating 7, is then 


Cc = 2 2 es 
= OK [tan~! T,, — tan™? 7,, + tanh’ T,, — tanh™’ T,.]  (k6) 


Cc 
= age FulTa) — F(T (k7) 


which gives the time required for the expanding element to rise in tempera- 
ture from T,- to T;,, ie. from T, to Th. 

If we reduce the power input and wish to determine the cooling time the 
analysis is similar. If the power input from electron bombardment is 
reduced to zero there will still be power input to the tuner. The residual 
power which is kept to the minimum possible level comes from such sources 
as heat radiated from the cathode and general heating of the envelope by 
the oscillator section. ’ 

Let Po be the value of the reduced power input. 
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aT i 
Then -% hr — p) (k8) 
a 7 
or ae ae Ti(T: — 1). (k9) 
Here T, = . and P) = KTt (k10) 
0 


where Po is the power from other sources than direct bombardment. In 
this case 7, is always greater than 1. 
Integration yields 


Se [tan™? T, + ctnh T,] =¢ +t. (k11) 


Let F,(T,) = [tan’T, + ctnh“7,]. (k12) 


This function is plotted in Fig. 80. To determine the cycling time for 
cooling assume 


Attime ¢=0, ToS Ti ie. Ta, = Ti/To 
t= Te, T,=T,, Tic = T./To. 
GC 
Then Te = RT [Fo(Lse) — Fa(Tsn)] (k13) 


giving the time for the contracting element to cool from temperature 7's, 
to T,; i.e. from T;, to T,. 


(2) Conduction Cooling 


The rate of change of temperature on heating will be given by 


qT 1 
Gi GPs HD) (k14) 


where 


T is the temperature difference between the tuning strut and the 
heat sink. 

C is the heat capacity of the strut. 

kis the conduction loss in watts/°C. 

P;is the power into the tuner. 


The solution of (k14) is then, 


Riles. (Pan —(ele)t 
eT = @ T») é (k15) 
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where T» is the temperature difference at ¢ = 0. 


If 
the temperature difference from the sink is Ty) = T, at the cooler 
limit of the band. 
T; is the temperature difference from the sink at the hotter limit of the 
band. 
P,, is the maximum permitted input, then the cycling time for heating 
o Pu — kT, 
ee ae oe) 
On cooling = 
aT k 
aaa Saf 
dt Cc eh) 
from which 
T = Tye! (k18) 
Cc i 
eT 5 loge tr: (k19) 
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Development of Silicon Crystal Rectifiers for 
Microwave Radar Receivers 


By J. H. SCAFF and R. S. OHL 


INTRODUCTION 


O THOSE not familiar with the design of microwave radars the exten- 

sive war use of recently developed crystal rectifiers in radar receiver 
frequency converters may be surprising. In the renaissance of this once 
familiar component of early radio receiving sets there have been develop- 
ments in materials, processes, and structural design leading to vastly 
improved converters through greater sensitivity, stability, and ruggedness 
of the rectifier unit. As a result of these developments a series of crystal 
rectifiers was engineered for production in large quantities to the exacting 
electrical specifications demanded by advanced microwave techniques and 
to the mechanical requirements demanded of combat equipment. 

The work on crystal rectifiers at Bell Telephone Laboratories during 
the war was a part of an extensive cooperative research and development 
program on microwave weapons. The Office of Scientific Research and 
Development, through the Radiation Laboratory at the Massachusetts 
Institute of Technology, served as the coordinating agency for work con- 
ducted at various university, government, and industrial laboratories in 
this country and as a liaison agency with British and other Allied organiza- 
tions. However, prior to the inception of this cooperative program, basic 
studies on the use of crystal rectifiers had been conducted in Bell Telephone 
Laboratories. The series of crystal rectifiers now available may thus be 
considered to be the outgrowth of work conducted in three distinct periods. 
First, in the interval from 1934 to the end of 1940, devices incorporating 
point contact rectifiers came into general use in the researches in ultra- 
high-frequency and microwave communications techniques then under 
way at the Holmdel Radio Laboratories of Bell Telephone Laboratories. 


1 A crystal rectifier is an assymmetrical, non-linear circuit element in which the seat of 
rectification is immediately underneath a point contact applied to the surface of a semi- 
conductor. This element is frequently called “point contact 1ectifier” and “crystal de- 
tector” also. In this paper these terms are considered to be synonymous. 
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At that time the improvement in sensitivity of microwave receivers employ- 
ing crystal rectifiers in the frequency converters was clearly recognized, as 
were the advantages of rectifiers using silicon rather than certain well 
known minerals as the semi-conductor. In the second period, from 1941 
to 1942, the advent of important war uses for microwave devices stimulated 
increased activity in both research and development. During these years 
the pattern for the interchange of technical information on microwave 
devices through government sponsored channels was established and was 
continued through the entire period of the war. With the extensive inter- 
change of information, considerable international standardization was 

_ achieved. In view of the urgent equipment needs of the Armed Services 
emphasis was placed on an early standardization of designs for production. 
This resulted in the first of the modern series of rectifiers, namely, the 
ceramic cartridge design later coded through the Radio Manufacturers 
Association as type 1N21. In the third period, from 1942 to the present 
time, process and design advances accruing from intensive research and 
development made possible the coding and manufacture of an extensive 
series of rectifiers all markedly superior to the original 1N21 unit. 

It is the purpose of this paper to review the work done in Bell Telephone 
Laboratories on silicon point contact rectifiers during the three periods 
mentioned above, and to discuss briefly typical properties of the rectifiers, 
several of the more important applications and the production history. 


CrystaL RECTIFIERS IN THE EARLY MICROWAVE RESEARCH 


The technical need for the modern crystal rectifier arose in research on 
ultra-high frequency communications techniques. Here as the frontier 
of the technically useful portion of the radio spectrum was steadily advanced 
into the microwave region, certain limitations in conventional vacuum 
tube detectors assumed increasing importance. Fundamentally, these 
limitations resulted from the large interelectrode capacitance and the 
finite time of transit of electrons between cathode and anode within the 
tubes. At the microwave frequencies (3000 megacycles and higher), they 
became of first importance. As transit time effects are virtually absent 
in point contact rectifiers, and since the capacitance is minute, it was logical 
that the utility of these devices should again be explored for laboratory use. 

The design of the point contact rectifiers used in these researches was 
dictated largely, of course, by the needs of the laboratory. Frequently 
the rectifier housing formed an integral part of the electrical circuit design 
while other structures took the form of a replaceable resistor-like cartridge. 
A variety of structures, including the modern types, arranged in chrono- 
logical sequence, are shown in the photograph, Fig. 1. In general, the 
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principal requirements of the rectifiers for laboratory use were that the 
units be sensitive, stable chemically, mechanically, and electrically, and 
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Fig. 1—Point contact rectifier structures. 1934-1943. Approximately 2 actual size. 


that they be easily adjusted. Considering the known vagaries of the device’s 
historical counterpart, it was considered prudent to provide in the structures 
means by which the unit could be readjusted as frequently as might prove 
necessary or desirable. 
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As the properties of various semi-conductors were known to vary widely, 
an essential part of the early work was a survey of the properties of a number 
of minerals and metalloids potentially useful as rectifier materials. There 
were examined and tested approximately 100 materials, including zincite, 
molybdenite, galena, iron pyrites, silicon carbide, and silicon. Of the 
materials investigated most were found to be unsuitable for one reason 
or another, and iron pyrites and silicon were selected as having the best 
overall characteristics. The subsequent studies were then directed toward 
improving the rectifying material, the rectifying surface, the point contact 
and the mounting structure. 





Fig. 2—Rectifier inserts and contact points for use in early 3000 megacycle converters. 
Overall length of insert 35-inch approximately. 


For use at frequencies in the region of 3000 megacycles standard demount- 
able elements, consisting of rectifier “inserts” and contact points, were 
developed for use in various housings or mounting blocks, depending upon 
the particular circuit requirements. The rectifier ‘‘inserts” consisted of 
small wafers of iron pyrite or silicon, soldered to hexagonal brass studs as 
shown in Fig. 2a. In these devices the surface of the semi-conductor was 
prepared by grinding, polishing, and etching to develop good rectification 
characteristics. Our knowledge of the metallurgy of silicon had advanced 
by this time to the stage where a uniformly active rectifier surface could 
be produced and searching for active spots was not necessary. Further- 
more, it was possible to prepare inserts of a positive or negative variety, 
signifying that the easy direction of current flow was obtained with the 
silicon positive with respect to the point or vice versa. Owing to a greater 
nonlinearity of the current voltage characteristic, the n-type or negative 
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insert tended to give better performance as microwave converters while 
the p-type, or positive insert, because of greater sensitivity at low voltages, 
proved to be more useful in test equipment such as resonance indicators in 
frequency meters. In certain instances also, it was advantageous for the 
designer to be able to choose the polarity best suited to his circuit design. 
In contrast, however, to the striking uniformity obtained with the silicon 
processed in the laboratory, the pyrite inserts were very non-uniform. 
Active rectification spots on these natural mineral specimens could be 
found only by tediously searching the surface of the specimen. More- 
over, rectifiers employing the pyrite inserts showed a greater variation in 
properties with frequency than those in which silicon was used. 

In addition to providing a satisfactory semi-conductor, it was necessary 
also to develop suitable materials for use as point contacts. For this use 
metals were required which had satisfactory rectification characteristics 
with respect to silicon or pyrites and sufficient hardness so that excessive 
contact areas were not obtained at the contact pressures employed in the 
rectifier assembly. The metals finally chosen were a platinum-iridium 
alloy and tungsten, which in some cases was coated with a gold alloy. 
These were employed in the form of a fine wire spot welded to a suitable 
spring member. ‘The spring members themselves were usually of a wedge 
shaped cantilever design and were made from coin silver to facilitate elec- 
trical connection to the spring. Several contact springs of two typical 
designs are shown in the photograph, Figs. 2b and 2c. 

A typical mounting block arranged for use with the inserts and points 
is shown in Fig. 1 (1940) and in Fig. 3. This block was so constructed that 
it could be inserted in a 70 ohm coaxial line without introducing serious 
discontinuities in the line. The contact point of the rectifier was assembled 
in the block to be electrically connected to the central conductor of the 
coaxial radio frequency input fitting, while the crystal insert screwed into 
a tapered brass pin electrically connected to the central conductor of the 
coaxial intermediate frequency and d-c output fitting. The tapered pin 
fitted tightly into a tapered hole in a supporting brass cylinder, but was 
insulated from the cylinder by a few turns of polystyrene tape several 
thousandths of an inch thick. This central pin was thus one terminal of a 
coaxial high-frequency by-pass condenser. The capacitance of this con- 
denser depended upon the general nature of the circuits in which the block 
was to be used, and was generally about 15 mmfs. The arrangement of 
the point, the crystal insert and their respective supporting members was 
such that the point contact could be made to engage the surface of the 
silicon at any spot and at the contact pressure desired and thereafter be 
clamped firmly in a fixed position by set screws. Typical direct current 
characteristics of the positive and negative silicon inserts and of pyrite 
inserts assembled and adjusted in this mounting block are shown in Fig. 4. 
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Fig. 3—Schematic diagram of one of the early crystal converter blocks. 


The inserts and points in appropriate mounting blocks were widely used 
in centimeter wave investigations prior to 1940.2 The principal laboratory 
uses were in frequency converter circuits in receivers, and as radio fre- 


2G. C. Southworth and A. P. King, “Metal Horns as Directive Receivers of Ultra- 
Short Waves,” Proc. I. R. E. v. 27, pp. 95-102, 1939; Carl R. Englund, “Dielectric Con- 
stants and Power Factors at Centimeter Wave Lengths,” Bell Sys. Tech. Jour., v. 23, pp. 
114-129, 1944; Brainerd, Koehler, Reich, and Woodruff, “Ultra High Frequency Tech- 


niques,” D. Van Nostrand Co., Inc., 250-4th Avenue,!New York,{1942. 
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quency instrument rectifiers. They were also used to a relatively minor 
extent in some of the early radar test equipment. Moreover, the avail- 
ability of these devices and the knowledge of their properties as microwave 
converters tended to focus attention on the potentialities of radar designs 
employing crystal rectifiers in the receiver’s frequency converter. Similarly, 
the techniques established for preparation of the inserts tended to orient 
subsequent manufacturing process developments. For example, the 
methods now generally used for preparing silicon ingots, for cutting the 
rectifying element from the ingot with diamond saws, and for forming the 
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Fig. 4—Direct-current characteristics of silicon and iron pyrite rectifiers 
fabricated as inserts, 1939. 


back contact to the rectifying element by electroplating procedures, are 
still essentially similar to the techniques used for preparing the inserts in 
1939. As a contribution to the defense research effort, this basic informa- 
tion, with various samples and experimental assemblies, was made available 
to governmental agencies for dissemination to authorized domestic and 
foreign research establishments. 


DEVELOPMENT OF THE CERAMIC TYPE CARTRIDGE STRUCTURE 


The block rectifier structure previously described was well adapted to 
various laboratory needs because of its flexibility, but for large scale utiliza- 
tion certain limitations are evident. Not only was it necessary that the 
parts be accurately machined, but also the adjustment of the rectifier in 
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the block structure required considerable skill. With recognition of the 
military importance of silicon crystal rectifiers, effort was intensified in 
the development of standardized structures suitable for commercial pro- 
duction. 

In the 1940-1941 period, contributions to the design of silicon crystal 
rectifiers were made by British workers as a part of their development of 
new military implements. For these projected military uses, the problem 
of replacement and interchangeability assumed added importance. The 
design trend was, therefore, towards the development of a cartridge type 
structure with the electrical adjustment fixed during manufacture, so that 
the unit could be replaced easily in the same manner as vacuum tubes. 

In the latter part of 1941 preliminary information was received in this 
country through National Defense Research Committee channels on a 
rectifier design originating in the laboratories of the British Thomson- 
Houston Co., Ltd. A parallel development of a similar device was begun 
in various American laboratories, including the Radiation Laboratory at 
the Massachusetts Institute of Technology, and Bell Telephone Labora- 
tories. In the work at Bell Laboratories, emphasis was placed both on 
development of a structure similar to the British design and on explora- 
tion and test of various new structures which retained the features of 
socket interchangeability but which were improved mechanically and 
electrically. 

In the work on the ceramic cartridge, the external features of the British 
design were retained for reasons of mechanical standardization but a number 
of changes in process and design were made both to improve performance 
and to simplify manufacture. To mention a few, the position of the silicon 
wafer and the contact point were interchanged because measurements 
indicated that an improvement in performance could thereby be obtained. 
To obviate the necessity for searching for active spots on the surface of 
the silicon and to improve performance, fused high purity silicon was 
substituted for the “commercial” silicon then employed by the British. 
The rectifying element was cut from the ingots by diamond saws, and 
carefully polished and etched to develop optimum rectification character- 
istics. Similar improvements were made in the preparation of the point 
or “cats whisker”, replacing hand operations by machine techniques. To 
protect the unit from mechanical shock and the ingress of moisture, a special 
impregnating compound was developed which was completely satisfactory 
even under conditions of rapid changes in temperature from —40° to +70°C. 
All such improvements were directed towards iniproving quality and 
establishing techniques for mass production. 

In this early work time was at a premium because of the need for prompt 
standardization of the design in order that radar system designs might in 
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turn be standardized, and that manufacturing facilities might be established 
to supply adequate quantities of the device. The development and initial 
production of the device was accomplished in a short period of time. This 
was possible because process experience had been acquired in the insert 
development, and centimeter wave measurements techniques and facilities 
wete then available to measure the characteristics of experimental units 
at the operating frequency. By December 1941, a pattern of manufacturing 
techniques had been established so that production by the Western Electric 
Company began shortly thereafter. This is believed to have been the 
first commercial production of the device in this country. 

As a result of the basic information on centimeter wave measurements 
techniques which was available from earlier microwave research at the 
Holmdel Radio Laboratory, it was possible also, at this early date, to 
propose to the Armed Services that each unit be required to pass an ac- 
ceptance test consisting of measurement of the operating characteristics 
at the intended operating frequency. This plan was adopted and standard 
test methods devised for production testing. Considering the complexity 
of centimeter wave measurements, this was an accomplishment of some 
magnitude and was of first importance to the Armed Services because it 
assured by direct measurement that each unit would be satisfactory for 
field use. 

The cartridge structure resulting from these developments and meeting 
the international dimensional standards is shown in Fig. 5. It consists 
of two metal terminals separated by an internally threaded ceramic insu- 
lator. The rectifying element itself consists of a small piece of silicon (p- 
type) soldered to the lower metal terminal or base. The contact spring or 
“cats whisker” is soldered into a cylindrical brass pin which slides freely 
into an axial hole in the upper terminal and may be locked in any desired 
position by set screws. The spring itself is made from tungsten wire of an 
appropriate size, formed into an S shape. The free end of the wire, which 
in a finished unit engages the surface of the silicon and establishes rectifica- 
tion, is formed to a cone-shaped configuration in order that the area of 
contact may be held at the desired low value. 

The silicon elements used in the rectifiers are prepared from ingots of 
fused high purity silicon. Alloying additions are made to the melt when 
required to adjust the electrical resistivity of the silicon to the value desired. 
The ingots are then cut and the silicon surfaces prepared and cut into small 
pieces approximately 0.05 inch square and 0.02 inch thick suitable for use 
in the rectifiers. The contact springs are made from tungsten wire, gold 
plated to facilitate soldering. Depending upon the application, the wires 
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may be 0.005 inch, 0.0085 inch, or 0.010 inch in diameter. After forming 
the spring to the desired shape, the tip is formed electrolytically. 

In assembling the rectifier cartridge, the two end terminals, consisting 
of the base with the silicon element soldered to it, and the top detail con- 
taining the contact spring, are threaded into the ceramic tube so that the 
free end of the spring does not engage the silicon surface. An adhesive 


TERMINAL 





Fig. 5—Ceramic cartridge rectifier structure and parts. 
Overail length of assembled rectifier is approximately finch. 


is employed to secure the parts firmly to the ceramic. The rectifier is then 
“adjusted” by bringing the point into engagement with the silicon surface 
and establishing optimum electrical characteristics. Finally the unit is 
impregnated with a special compound to protect it from moisture and from 
damage by mechanical shock. Units so prepared are then ready for the 
final electrical tests. 

The adjustment of the rectifier is an interesting operation for at this 
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stage in the process the rectification action is developed, and to a considerable 
degree, controlled. If the point is brought into contact with the silicon 
surface and a small compressional deflection applied to the spring, direct- 
current measurements will show a moderate rectification represented by 
the passage of more current at a given voltage in the forward direction than 
in the reverse. If the side of the unit is now tapped sharply by means of 
a small hammer, the forward current will be increased, and, at the same 
time, the reverse current decreased. With successive blows the reverse 
current is reduced rapidly to a constant low value while the forward current 
increases, but at a diminishing rate, until it also becomes relatively constant. 
The magnitude of the changes produced by this simple operation is rather 
surprising. The reverse current at one volt seldom decreases by less than a 
factor of 10 and frequently decreases by as much as a factor of 100, while 
the forward current at one volt increases by a factor of 10. Paralleling 
these changes are improvements in the high-frequency properties, the 
conversion loss and noise both being reduced. The tapping operation is 
not a haphazard searching for better rectifying spots, for with a given 
silicon material and mechanical assembly the reaction of each unit to tapping 
is regular, systematic and reproducible. The condition of the silicon surface 
also has a pronounced bearing on “‘tappability” for by modifications of 
the surface it is possible to produce, at will, materials sensitive or insensitive 
in their reaction to the tapping blows. 

In the development of the compounds for filling the rectifier, special 
problems were met. For example, storage of the units for long periods 
of time under either arctic or tropical conditions was to be expected. Also, 
for use in air-borne radars operating at high altitudes, where equipment 
might be operated after a long idle period, it was necessary that the units 
be capable of withstanding rapid heating from very low temperatures. 
The temperature range specified was from —40° to +70°C. Most organic 
materials normally solid at room temperature, as the hydrocarbon waxes, 
are completely unsuitable, as the excessive contraction which occurs at 
low temperatures is sufficient to shift the contact point and upset the precise 
adjustment of the spring. Nor are liquids satisfactory because of their 
tendency to seep from the unit. However, special gel fillers, consisting 
of a wax dispersed in a hydrocarbon oil, were devised in Bell Telephone 
Laboratories to meet the requirements, and were successfully applied by 
the leading manufacturers of crystal rectifiers in this country. Materials 
of a similar nature, though somewhat different in composition, were also 
used subsequently in Britain. Further improvements in these compounds 
have been made recently, extending the temperature range 10°C at low 


5 Southworth and King; loc. cit. 
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temperatures and about 30°C at high temperatures in response to the design 
trend towards ‘operation of the units at higher temperatures. The units 
employing this compound may, if desired, be repeatedly heated and cooled 
rapidly between —50°C and +100°C without damage. 

Use of the impregnating compound not only improves mechanical stability 
but prevents ingress or absorption of moisture. Increase of humidity 
would subject the unit not only to changes in electrical properties such as 
variation in the radio frequency impedance, but also to serious corrosion, 
for the galvanic couple at the junction would support rapid corrosion of the 
metal point. In fact, with condensed moisture present in unfilled units 
corrosion can be observed in 48 hours. For this reason alone, the develop- 
ment of a satisfactory filling compound was an important step in the suc- 
cessful utilization of the units by the Armed Services under diverse and 
drastic field conditions. 


Taste I 
Shelf Aging Data on Silicon Crystal Rectifiers of the Ceramic Cartridge Design 
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Storage Conditions Conversion | Noise | Conversion | Noise 
SS Ratio Loss Ratio 
(Median) | (Median) | (median) | (median) 
(L) (Nr) (L) (Nr) 
a ab ab ab 
75°F. 65% Relative Humidity 6.8 3.9 6.7 4.3 
110°F. 95% Relative Humidity are 6.9 3.9 6.9 4.3 
SPADES ice eis ech neigeh yan CORES FT 7.0 3.9 6.8 3.9 





The large improvement in stability achieved in the present device as 
compared with the older crystal detectors may be attributed to the design 
of the contact spring, correct alignment of parts in manufacture and to 
the practice of filling the cavity in the unit. with the gel developed for this 
purpose. Considering the apparently delicate construction of the device, 
the stability to mechanical or thermal shock achieved by these means is 
little short of spectacular. Standard tests consist of dropping the unit 
three feet to a wood surface, immersing in water, and of rapidly heating 
from —40 to 70°C. None of these tests impairs the quality of the unit. 
Similarly the unit will withstand storage for long periods of time under 
adverse conditions. Table I summarizes the results of tests on units 
which were stored for approximately one year under arctic (—40°), tropical 
(114°F—95% relative humidity), and temperate conditions. Though 
minor changes in the electrical characteristics were noted in the accelerated 
tropical test, none of the units was inoperative after this drastic treatment. 
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DEVELOPMENT OF THE SHIELDED RECTIFIER STRUCTURE 


Rectifiers of the ceramic cartridge design, though manufactured in very 
large quantities and widely and successfully used in military apparatus, 
have certain well recognized limitations. For example, they may be ac- 
cidentally damaged by discharge of static electricity through the small 
point contact in the course of routine handling. If one terminal of the 
unit is held in the hand and the other terminal grounded, any charge which 
may have accumulated will be discharged through the small contact. 
Since such static charges result in potential differences of several thousand 
volts it is understandable that the unit might suffer damage from the dis- 
charge. Although damage from this cause may be avoided by following 
a few simple precautions in handling, the fact that such precautions are 
needed constitutes a disadvantage of the design. 

Certain manufacturing difficulties are also associated with the use of 
the threaded insulator. The problem of thread fit requires constant 
attention. Lack of squareness at the end of the ceramic cylinder or lack 
of concentricity in the threaded hole tends to cause an undesirable eccen- 
tricity or angularity in the assembled unit which can be minimized only by 
rigid inspection of parts and of final assemblies. At the higher frequencies 
(10,000 megacycles), uniformity in electrical properties, notably the radio 
frequency impedance, requires exceedingly close control of the internal 
mechanical dimensions. In the cartridge structure where the terminal 
connections are separated by a ceramic insulating member, the additive 
variations of the component parts make close dimensional control inherently 
difficult. 

To eliminate these difficulties the shielded structure, shown in Fig. 6, 
was developed. In this design the rectifier terminates a small coaxial 
line. The central conductor of the line, forming one terminal of the rec- 
tifier, is molded into an insulating cylinder of silica-filled bakelite, and 
has spot welded to it a 0.002-inch diameter tungsten wire spring of an 
offset C design. The free end of the spring is cone shaped. The rectifying 
element is soldered to a small brass disk. Both the disk, holding the 
rectifying element, and the bakelite cylinder, holding the point, are force- 
fits in the sleeve which forms the outer conductor of the rectifier. By 
locating the bakelite cylinder within the sleeve so that the free end of the 
central conductor is recessed in the sleeve, the unit is effectively protected 
from accidental static damage as long as the holder or socket into which 
the unit fits is so designed that the sleeve establishes electrical contact with 
the equipment at ground potential before the central conductor. The 
sleeve also shields the rectifying contact from effects of stray radiation. 

The radio frequency impedance of the shielded unit can be varied within 
certain limits by modifying the diameter of the central conductor. For 
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example, in the 1N26 unit, which was designed for use at frequencies in 
the region of 24,000 megacycles, a small metal slug fitting over the central 
conductor makes it possible to match a coaxial line having a 65-ohm surge 
impedance. For certain circumstances this modification in design is 
advantageous, while in others it is a disadvantage because the matching 
slug is effective only over a narrow range of frequencies. 
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Fig. 6—Shielded rectifier structure and parts. Overall length of assembled rectifier is 
approximately } inch. 


The shielded structure was developed in 1942 and since it was of a sim- 
plified design with reduced hazard of static damage, it was proposed to the 
Armed Services for standardization in June of that year. However, because 
of the urgency of freezing the design of various radars and because the 
British had already standardized on the outline dimensions of the ceramic 
type cartridge, Fig. 5, the Services did not consider it advantageous to 
standardize the new structure when first proposed.. In deference to this 
international standardization program, plans for the manufacture of this 
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structure were held in abeyance during 1942 and 1943. However, an 
opportunity for realizing the advantages inherent in the shielded design 
was afforded later in the war and a sufficient quantity of the units was pro- 
duced to demonstrate its soundness. As anticipated from the construc- 
tional features, marked uniformity of electrical properties was obtained. 


TypEs, APPLICATIONS, AND OPERATING CHARACTERISTICS 


Various rectifier codes, engineered for specific military uses, were manu- 
factured by Western Electric Company during the war. These are listed - 
in Table II. The units are designated by RMA type numbers, as 1N21, 
1N23, etc., depending upon their properties and the intended use. Letter 
suffixes, as 1N23A, 1N23B, indicate successively more stringent perform- 
ance requirements as reflected in lower allowable maxima in loss and noise 
ratio, and, usually, more stringent power proof-tests. In general, different 
codes are provided for operation in the various operating frequency ranges. 
For example, the 1N23 series is tested at 10,000 megacycles while the 1N21 
series is tested at 3,000 megacycles and the 1N25 at 1000 megacycles, 
approximately. Since higher transmitter powers are frequently employed 
at the lower frequencies, somewhat greater power handling ability is provided 
in units for operation in this range. 

One of the more important uses of silicon crystal rectifiers in military 
equipment was in the frequency converter or first detector in superheter- 
odyne radar receivers. This utilization was universal in microwave re- 
ceivers. In this application the crystal rectifier serves as the non-linear 
circuit element required to generate the difference (intermediate) frequency 
between the radio frequency signal and the local oscillator. The inter- 
mediate frequency thus obtained is then amplified and detected in conven- 
tional circuits. As the crystal rectifier is normally used at that point in 
the receiving circuit where the signal level is at its lowest value, its perform- 
ance in the converter has a direct bearing on the overall system performance. 
It was for this reason that continued improvements in the performance of 
crystal rectifiers were of such importance to the war effort. 

For the converter application, the signal-to-noise properties of the unit 
at the operating frequency, the power handling ability, and the uniformity 
of impedance are important factors. The signal-to-noise properties are 
measured as conversion loss and noise ratio. The loss, L, is the ratio of 
the available radio frequency signal input power to the available inter- 
mediate frequency output power, usually expressed in decibels. The 
noise ratio, Nr, is the ratio of crystal output noise power to thermal (KTB) 
noise power. The loss and noise ratio are fundamental properties of the 
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Fig. 7—Converter for wave guide circuits as installed in the radio frequency unit of 
the AN/APQ13 radar system. This was standard equipment in B-29 bombers for 
radar bombing and navigation. 
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converter. From these data and other circuit constants, the designer may 
calculate* expected receiver performance. 

For operation as converters,> crystal rectifiers are employed in suitable 
holders. These may be arranged for use with either coaxial line or wave 
guide circuits, depending upon the application. Figure 7 shows a converter 
for wave guide circuits installed in the radio frequency unit of an air-borne 
radar system. A typical converter designed for use with coaxial lines is 
shown in the photograph Fig. 8. A schematic circuit of this converter 
is shown in Fig. 9. In such circuits the best signal-to-noise ratio is realized 
when an optimunt amount of beating oscillator power is supplied. The 
optimum power depends, in part, on the properties of the rectifier itself, 
and, in part, on other circuit factors as the noise figure of the intermediate 





Fig. 8—Converter for use at 3000 megacycles. The crystal rectifier is located 
adjacent to its socket in the converter. 


frequency amplifier. For a well designed intermediate frequency amplifier 
with a noise figure of about 5 decibels, the optimum beating oscillator 
power is such that between 0.5 and 2.0 milliamperes of rectified current 
flows through the rectifier unit. Under these conditions and with the unit 
matched to the radio frequency line, the beating oscillator power absorbed 
by the unit is about one milliwatt. For intermediate frequency amplifiers 


4 The quantities L and Np are related to receiver performance by the relationship 
Fr = L(NR— 1+ Fir) 

where FR is the receiver noise figure and F7F is the noise figure of the intermediate fre- 
quency amplifier. All terms are expressed as power ratios. A rigorous definition of 
receiver noise figure has been given by H. T. Friis “Noise Figures of Radio Receivers,” 
Proc. I. R. E., vol. 32, pp. 419-422; July, 1944. 

5 C. F. Edwards, “Microwave Converters,” presented orally at the Winter Technical 
Meeting of the J. RX. E., January 1946 and submitted to the J. R. E. for publication. 


SILICON CRYSTAL RECTIFIERS 19 


with poorer noise figures, the drive for optimum performance is higher 
than the figures cited above. Conversely, for intermediate frequency 
amplifiers with exceptionally low noise figures, optimum performance is 
obtained with lower values of beating oscillator drive. If desired, somewhat 
higher currents than 2.0 milliamperes may be employed without damage 
to the crystal. 

The impedance at the terminals of a converter using crystal rectifiers, 
both at radio and intermediate frequencies, is a function not only of the 
rectifier unit, but also of the circuit in which the unit is used and of the 
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Fig. 9—Schematic diagram of crystal converter. 


power level at which it is operated. Consequently the specification of an 
impedance for a crystal rectifier is of significance only in terms of the circuit 
in which it is measured. Since the converters used in the production testing 
of crystal rectifiers are not necessarily the same as those used in the field, 
and since in addition there are frequently several converter designs for 
the same type of unit, a specification of crystal rectifier impedance in pro- 
duction testing can do little more than select units which have the same 
impedance characteristic in the production test converter. The impedances 
at the terminals of two converters of different design but using the same 
crystal rectifier may vary by a factor of 3 or even more, with the inter- 
mediate frequency impedance generally varying more drastically than the 
radio frequency impedance. The variation is also a function of the con- 


20 BELL SYSTEM TECHNICAL JOURNAL 


version loss. Crystals with large conversion losses are less susceptible 
to impedance changes from reactions in the radio frequency circuit than are 
low conversion loss units. 

The level of power to which the rectifiers can be subjected depends upon 
the way in which the power is applied. The application of an excessive 
amount of power or energy results in the electrical destruction of the unit 
by rupture of the rectifying material. Experimental evidence indicates 
that the electrical failure may be in one of three categories. The total 
energy of an applied pulse is responsible for the impairment when the 
pulse length is shorter than 10~ seconds, the approximate thermal time 
constant of the crystal rectifier as given by both measurement and calcula- 
tion. For pulse lengths of the order of 10~® seconds the peak power in the 
pulse is the determining factor, and for continuous wave operation the 
limitation is in the average power. 

In performance tests in manufacture all units for which burnout tolerances 
are specified are subjected to proof-tests at levels generally comparable 
with those which the unit may occasionally be expected to withstand in 
actual use, but greater than those to be employed as a design maximum. 
The power or energy is applied to the unit in one of two types of proof-test 
equipment. The multiple, long time constant (of the order of 10~* seconds) 
pulse test is applied to simulate the plateau part of a radar pulse reaching 
the crystal through the gas discharge transmit-receive switch.’ This test 
uses an artificial line of appropriate impedance triggered at a selected 
repetition rate for a determined length of time. The power available to 
the unit is computed from the usual formula, 

v’ 

4Z ¥ 

where P is the power in watts, V is the potential in volts to which the pulse 
generator is charged, and Z is the impedance in ohms of the pulse generator. 
In general, where this test is employed, a line is used which matches the 
impedance of the unit under test at the specified voltage. 

The second type of test is the single discharge of a coaxial line through 
the unit to simulate a radar pulse spike reaching the crystal before the 
transmit-receive switch fires. The pulse length is of the order of 10-° 
second. The energy in the test spike may be computed from the relation 

10" 1,2 
E= or cv, 
where E is the energy in ergs, C the capacity of the coaxial line in farads, 
and V the potential in volts to which the line is charged. 


6A. L. Samuel, J. W. Clark, and W. W. Mumford, “The Gas Discharge Transmit- 
Receive Switch,” Bell Sys. Tech. Jour., v. 25 No. 1, pp. 48-101, Jan. 1946. 


P= 
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Specification proof-test levels are, of course, not design criteria. Since 
the units are generally used in combination with protective devices, such 
as the transmit-receive switch, it is necessary to conduct tests in the circuits 
of interest to establish satisfactory operating levels. 

In general, however, the units may be expected to carry, without deteriora- 
tion, energy of the order of a third of that used in the single d-c spike proof- 
test or peak powers of a magnitude comparable with that used in the multiple 
flat-top d-c pulse proof-test. The upper limit for applied continuous wave 
signals has not been determined accurately, but, in general, rectified currents 
below 10 milliamperes are not harmful when the self bias is less than a few 
tenths of a volt. 

The service life of a crystal rectifier will depend completely upon the 
conditions under which it is operated and should be quite long when its 
ratings are not exceeded. During the war, careful engineering tests con- 
ducted on units operating as first detectors in certain radar systems revealed 
no impairment in the signal-to-noise performance after operation for several 
hundred hours. A small group of 1N21B units showed only minor impair- 
ments when operated in laboratory tests for 100 hours with pulse powers 
(3000 megacycles) up to 4 watts peak available to the unit under test. 

Another important military application of silicon crystal rectifiers was 
as low-power radio frequency rectifiers for use in wave meters or other 
items of radar test equipment. Here the rectification properties of the 
unit at the operating frequency are of primary interest. Since units which 
are satisfactory as converters also function satisfactorily as high-frequency 
rectifiers special types were not required for this application. 

Units were also used in military equipment as detectors to derive directly 
the envelope of a radio frequency signal received at low power levels. 
These signals were modulated usually in the video range. The low-level 
performance is a function of the resistance at low voltages and the direct- 
current output for a given low-power radio frequency input. These may 
be combined to derive a figure of merit which is a measure of receiver 
performance.’ 

Typical direct-current characteristics of the silicon rectifiers at tempera- 
tures of —40°, 25° and 70°C are given in Fig. 10. It will be noted in these 
curves that both the forward and reverse currents are decreased by reducing 
the temperature and increased by raising the temperature. The reverse 
current changes more rapidly with temperature than the forward current, 
however, so that the rectification ratio is improved by reducing the tempera- 
ture, and impaired by raising the temperature. The data shown are for 
typical units of the converter type. It should be emphasized, however, 


7 R. Beringer, Radiation Laboratory Report No. 61-15, March 16, 1943. 
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that by changes in processing routines the direct-current characteristics 
shown in Fig. 10 may be modified in a predictable manner, particularly 
with respect to absolute values of forward current at a particular voltage. ° 


Movern RECTIFIER PROCESSES 


When the development of the type 1N21 unit was undertaken, the scien- 
tific and engineering information at hand was insufficient to permit inten- 
tional alteration or improvement in electrical properties of the rectifier. 
In these early units, the control of the radio frequency impedance, power 
handling ability and signal-to-noise ratio left much to be desired. Within 
a short time, some improvements in performance were realized by process 
improvements such as the elimination of burrs and irregularities from the 
point contact to reduce noise. Substantial improvements were not obtained, 
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Fig. 10—Direct-current characteristics of P-type silicon crystal rectifier at 
various temperatures. 


however, until certain improved materials, processes, and techniques were 
developed. 

In the engineering development of improved crystal rectifier materials 
and processes, basic data have been acquired which make it possible to 
alter the properties of the rectifier in a predictable manner so that t'e units 
may now be engineered to the specific electrical requirements desired by 
the circuit designer in much the same manner as are modern electron tubes. 
This has led not only to improvements in performance but also to a diver- 
sification in types and applications. 

The simplified equivalent circuit for the point contact rectifier, shown 
in Fig. 11, provides a basis for consideration of the various process features. 
In Fig. 11, Cz represents the electrical capacitance at the boundary between 
the point contact and the semi-conductor, R» the non-linear resistance at 
this boundary, and Rg is the spreading resistance of the semi-conductor 
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proper, that is the total ohmic resistance of the silicon to current through 
the point. The capacitance Cy being shunted across the rectifying bound- 
ary, decreases the efficiency of the device by its by-pass action because the 
current through it would be dissipated as heat in the resistance Rs. Losses 
from this source increase rapidly with increased frequency because of the 
enhanced by-pass action. It would appear, therefore, that to improve effi- 
ciency it would be important to minimize both Rs and Cz by some method 
such as reducing the area of the rectifying contact and lowering the body 
resistance of the silicon employed. Fora given silicon material, the imped- 
ances desired for reasons of circuitry and considerations of mechanical stability 
place a limit on the extent to which performance may be improved by 
reducing the contact area. Rs may be reduced by using silicon of lower 
resistivity, but this generally results in poorer rectification. This impair- 
ment is due apparently to some subtle change in the properties of the 
rectifying junction resulting from decreasing the specific resistance of the 
silicon material. 


Rg (NON-LINEAR 
BARRIER RESISTANCE) 






R. 


‘Ss 
(SPREADING RESISTANCE) 





Ca 
(BARRIER CAPACITY) 


Fig. 11—Simplified equivalent circuit of crystal rectifier. 


The answer to this apparent dilemma lies in the application of an oxidizing 
heat treatment to the surface of the semi-conductor. This process derives 
from researches conducted independently in this country and in Britain, 
though there was considerable interchange of information between various 
interested laboratories. In the oxidizing treatment, apparently the im- 
purities in the silicon which contribute to its conductivity diffuse into the 
adhering silica film, thereby depleting impurities from the surface of the 
silicon. When the oxide layer is then removed by solution in dilute hydro- 
fluoric acid, the underlying silicon layer is exposed and remains intact as 
the acid does not readily attack the silicon itself. 

Since decreasing the impurity content of a semi-conductor increases its 
resistivity, the silicon surface has higher resistivity after the oxidizing 
treatment than before. Thus by oxidation of the surface of low resistance 
silicon it is possible to secure the enhanced rectification associated with 
the high resistance surface layer, while by virtue of the lower resistivity 
of the underlying material the /°R losses through Rs are reduced. 
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In actual practice the properties of the rectifier are governed by the 
resistivity of the silicon material, the contact area, and the degree of oxida- 
tion of the surface. By the controlled alteration of these factors units 
may be engineered for specific applications. The body resistance of the 
silicon is controlled by the kind and quantity of the impurities present. 
Aluminum, beryllium or boron may be added to purified silicon to reduce 
its resistivity to the desired level. Boron is especially effective for this 
purpose, the quantity added usually being less than 0.01 per cent. As little 
as 0.001 per cent has a very pronounced effect upon the electrical properties. 
The contact area is determined by the design of contact spring employed 
and the deflection applied to it in the adjustment of the rectifier. The 
degree of oxidation is controlled by the time and temperature of the treat- 
ment and the atmosphere employed. 

In the development of the present rectifier processes, certain experimental 
relationships were obtained between the performance and the contact area 
on the one hand, and the power handling ability and contact area on the 
other. These show the manner in which the processes should be changed 
to produce a desired change in properties. For example, Fig. 12 shows the 
relationship between the spring deflection applied to a unit and the conver- 
sion loss at a given frequency. The apparent contact area, (i.e., the area of 
the flattened tip of the spring in contact with the silicon surface, as measured 
microscopically) also increases with increasing spring deflection. It will be 
seen in Fig. 12 that for a given silicon material, the conversion loss at 10,000 
megacycles increases rapidly with the contact area. The curves tend to 
reach constant loss values at the higher spring deflections. It is believed 
that this may be ascribed to the fact that for a given spring size and form, 
the increment in contact area obtained by successive increments in spring 
deflection would diminish and finally become zero after the elastic limit of 
the spring is exceeded. 

The losses plotted in Fig. 12 were measured on a tuned basis, that is, the 
converter was adjusted for maximum intermediate frequency output at a 
fixed beating oscillator drive for each measurement. Were these measure- 
ments made on a fixed tuned basis, that is, with the converter initially ad- 
justed for maximum intermediate frequency output for a unit to which the 
minimum spring deflection is applied, and the units with larger deflections 
then measured without modification of the converter adjustment, even 
greater degradation in conversion loss than that shown in Fig. 12 would be 
observed. This results from the dependence of the radio frequency imped- 
ance upon the contact area. In loss measurements made on the tuned basis, 
changes in the radio frequency impedance occasioned by the changes in the 
contact area do not affect the values of mismatch loss obtained, while on the 
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fixed tuned basis they would result in an increase in the apparent loss be- 
cause of the mismatch of the radio frequency circuits. 

While the conversion loss is degraded by increasing the contact area, the 
power handling ability® of the rectifiers is improved, as shown in Fig. 13. 











CONVERSION LOSS IN DECIBELS 








° ' 2 3 4 5 6 7 8 9 
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Fig. 12—Relationship between spring deflection and conversion loss in 
silicon crystal rectifiers. 


This is not surprising because the larger area contact gives a wider current 
distribution and thus minimizes the localized heating effects near the con- 
tact. Generally, therefore, in the development of units for operation at a 


8The measurement of power handling ability of crystal rectifiers by application of 
radio frequency power is complicated by the fact that the impedance of the unit under 
test varies with power level. If a unit is matched in a converter at a low-power level 
and power at a higher level is then applied, not all of the power available is absorbed by 
the unit but a portion of it is reflected (due to the change in impedance). This factor 
has been called the self protection of the unit and it necessitates the distinction between 
the power absorbed by and the power available to the unit under test. The data for 
Fig. 13 were acquired by first matching the unit in converters at low powers (about 0.3 
milliwatts CW 3000 mcs) and then exposing it for a short period to successively higher 
levels of pulse power of square wave form of 0.5 microseconds width at a repetition rate 
of 2000 pulses per second, measuring the loss and noise ratio after each power application. 
The power handling ability is then expressed as the available peak power required to 
cause a 3 db impairment in the conversion loss or the receiver noise figure. This method 
was employed because in radar receivers the units are matched for low-power levels. In 
this respect the method simulates field operating conditions, but the “‘spike” of radar 
pulses is absent. 

The increase in power handling ability with increasing area shown in Fig. 13 is confirmed 
by similar measurements with radio frequency pulse power with the unit matched at 
high-level powers, by direct-current tests, and by simple 60-cycle continuous wave tests. 
The magnitude of the increase depends, however, upon the particular method employed 
for measurement. 
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given frequency, a compromise must be effected between these two impor- 
tant performance factors. Because of increased condenser by-pass action a 
smaller area must be used to obtain a given conversion loss at a higher fre- 
quency. For this reason the power handling ability of units designed for 
use at the higher frequencies is somewhat less than that of the lower-fre- 
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Fig. 13—Correlation between power handling ability measured with microsecond radio 
frequency pulses and contact area in silicon crystal rectifiers. 


quency units because emphasis has been placed upon achieving a given sig- 
nal-to-noise performance in each frequency band. 

Use of the improved materials and processes produced rather large im- 
provements in the d-c rectification ratio, conversion loss, noise, power 
handling ability, and uniformity. Typical direct-current rectification char- 
acteristics of units produced by both the old and the new processes are shown 
in Fig. 14. These curves show that reverse currents at one volt were de- 
creased by a factor of about 20 while the forward currents were increased by 
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a factor of approximately 2.5 giving a net improvement in rectification ratio 
of 50to1. The parallel improvement in receiver performance resulting from 
process improvements is shown in Fig. 15. A comparison in power handling 
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Fig. 14—Improvement in the direct-current rectification characteristics of 
silicon crystal rectifiers in a four-year period. 
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Fig. 15—Effect of continued improvement in the crystal rectifier on the 
microwave receiver performance. The noise figures plotted are average values. 
ability of the 3000-megacycle converter types made by the improved pro- 

cedures and the older procedures is shown in Fig. 16. 
The flexibility of the processes may be illustrated by comparison of two 
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very different units, the 1N26 and the 1N25. Though direct comparison of 
power handling ability is complicated by the fact that the burnout test 
methods employed in the development of the two codes were widely different, 
it may be stated conservatively that while the 1N26 would be damaged after 
absorbing something less than one watt peak pulse power, the 1N25 unit 
will withstand 25 watts peak or more. The 1N26 unit is, however, capable 
of satisfactory operation as a converter at a frequency of some 20 times that 
of the 1N25. These two units have been made by essentially the same pro- 
cedures, the difference in properties being principally due to modification of 
alloy composition, heat treatment, and contact area. 


NOTES: 1, TEST FREQUENCY = 3000 MEGACYCLES 
2. NOISE RATIO IS THE RATIO OF THE AVAILABLE OUTPUT 
NOISE POWER OF THE CRYSTAL RECTIFIER TO KTB 






























a 6.0 = : 

g Fiat i 

29.0 419 
2 

3 il s 

ee 8 

a2 ag 

aol ri 

g 9.2 VS 
a 

zo ee eee 3.22 

O76 (a eS aa Ae Ss ee 

ise a 

; | 

Z 90 6.2% 

fos LH 

273 I 

$ 83 

93 Ll 
Ot 0.2 04 06 10 2 4 6810 20 40 60 100 200 


AVAILABLE PEAK PULSE POWER IN WATTS 


Fig, 16—Comparison of the radio frequency power handling ability of silicon crystal 
rectifiers prepared by different processes. 


Prior to the process developments described above, in the interests of 
simplifying the field supply problem one general purpose unit, the type 1N21, 
had been made available for field use. However, it became obvious that the 
advantages of having but a single unit for field use could be retained only at a 
sacrifice in either power handling ability or high-frequency conversion loss. 
Since the higher power radar sets operated at the lower microwave 
frequencies, it seemed quite logical to employ the new processes to improve 
power handling ability at the lower microwave frequencies and to improve 
the loss and noise at the higher frequencies. A recommendation accordingly 
was made to the Services that different units be coded for operation at 3000 
megacycles and at 10,000 megacycles. The decision in the matter was 
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Fig. 17—Evolution of coded silicon crystal rectifiers. 
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Fig. 18—Relative annual production of silicon crystal rectifiers at the 
Western Electric Company 1942-1945. 


affirmative. The importance of this decision may be appreciated from the 
fact that it permitted the coding and manufacture of units such as the 1N21B 
and 1N28, high burnout units with improved performance at 3000 
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megacycles, and the 1N23B unit which was of such great importance 
in 10,000 megacycle radars because of its exceptionally good performance. 
From this stage in the development the diversification in types was quite 
rapid. The evolution of the coded units, of increasing power handling 
ability for a given performance level at a given frequency, and of better per- 
formance at a given frequency is graphically illustrated in Fig. 17. The 
large improvements in calculated receiver performance are again evident, 
especially when it is considered that the receiver performances given are 
for the poorest units which would pass the production test limits. 


ExTENT OF MANUFACTURE AND UTILIZATION 


An historical resumé of the development of crystal rectifiers would be 
incomplete if some description were not given of the extent of their manu- 
facture and utilization. Commercial production of the rectifiers by Western 
Electric Company started in the early part of 1942 and through the war years 
increased very rapidly. Figure 18 shows the increase in annual production 
over that of the first year. By the latter part of 1944 the production rate 
was in excess of,50,000 units monthly. Production figures, however, reveal 
only a small part of the overall story of the development. The increase in 
production rate was achieved simultaneously with marked improvements in 
sensitivity, the improvements in process techniques being reflected in manu- 
facture by the ability to deliver the higher performance units in increasing 
numbers. 

The recent experience with the silicon rectifiers has demonstrated their 
utility as non-linear circuit elements at the microwave frequencies, that they 
may be engineered to exacting requirements of both a mechanical and elec- 

.trical nature, and that they can be produced in large quantities. The defi- 
ciencies of the detector of World War I, which limited its utility and contribu- 
ted to its retrogression, have now been largely eliminated. It isa reasonable 
expectation that the device will now find an extensive application in commu- 
nications and other electrical equipment of a non-military character, at 
microwave as well as lower frequencies, where its sensitivity, low capacitance, 
freedom from aging effects, and its small size and low-power consumption 
may be employed advantageously. 
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Characteristics of Vacuum Tubes for Radar Intermediate 
Frequency Amplifiers 


By G. T. FORD 


1. INTRODUCTION 


HE desired characteristics for vacuum tubes for use in broad-band 
intermediate frequency amplifiers are primarily high transconductance, 
low capacitances, high input resistance, and good noise figure. These 
characteristics determine the frequency bandwidth, amplification, and 
signal-to-noise ratio attainable with such an amplifier. The maximum 
operating frequency is generally limited by the input resistance of the tube 
which decreases as the frequency is increased, and, in some cases, by the tube - 
noise which increases with increasing frequency. Three other character- 
istics which are also important are small physical size, low power consump- 
tion, and ruggedness. The present paper describes how these character- 
istics are related to the performance requirements for intermediate fre- 
quency (IF) amplifiers used in radar systems and shows how the require- 
ments were met in the design of the Western Electric 6AK5 Vacuum Tube. 
In a coaxial cable carrier telephone system of the type which was initially 
installed between Stevens Point, Wisconsin and Minneapolis, Minnesota’ 
the upper frequency of the useful band is of the order of three megacycles 
per second (mc) and the bandwidth is of the same order. The Western 
Electric 386A tube was developed a number of years ago for amplifiers such 
as those used in this system. It is characterized by high transconductance 
and low capacitances. In radar receiving systems similar but more exact- 
ing requirements must be met for the IF amplifier. It is desirable to operate 
in many cases at a mid-band frequency of 60 mc, to have a bandwidth of 
the order of 2-10 mc, and to have as close to the ideal noise figure as possible. 
Additional considerations of great practical importance are low power 
consumption, small size, and ruggedness. 

The choice of the mid-band frequency for the IF amplifier is influenced 
by considerations, a detailed discussion of which is outside the scope of 
this paper. For example, the characteristics of the beating oscillator and 
ite relation to the operation of the automatic frequency control (AFC) 
system, when AFC is used, are involved. The usual practice has been to 

1 “Stevens Point and Minneapolis Linked by Coaxial System,” K. C. Black, Bell Labo- 
ratories Record, January 1942, pp. 127-132. 


“Television Transmission Over Wire Lines,” M. E. Strieby and J. F. Wentz, Bell System 
Technical Journal, January 1941, Vol. 20, p. 62. 
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standardize on a mid-band frequency of 30 mc or 60 mc. The latter fre- 
quency has been used in most radars developed at the Bell Telephone 
Laboratories. 

In pulsed radar systems the transmitter is turned on and off by the 
modulator in such a way that radio frequency energy is generated for a 
pulse duration 7 seconds at a repetition rate which is usually several hundred 
per second. When the transmitter is modulated by a pulse which approaches 
that shown in Fig. 1(a), the energy-frequency distribution in the transmitted 
signal is as shown in Fig. 1(b). Although the maximum of the distribution 


re ry 


AMPLITUDE =——> 





TIME —> FREQUENCY ——> 


(a) (b) 


Fig. 1a—Modulating pulse 
Fig. 1b—Amplitude—frequency distribution in transmitted RF pulse. 


curve lies at the transmitter frequency F, there is considerable energy in 
the range F + -- and the receiver usually has a bandwidth of at least * in 
order to make as efficient use as possible of the energy in the echoes reflected 
by the target. For many radar applications, this requirement and the 
problems of transmitter and beating oscillator frequency stability result 
in the use of a bandwidth of as much as 10 mc for the IF amplifier. 

The Western Electric 386A tube, Fig. 2(a), had characteristics which 
approached those needed to meet the IF amplifier requirements discussed 
above. It was therefore slightly modified in physical form for convenience 
of use and recoded the Western Electric 717A tube, Fig. 2(b). The 717A 
tube was used extensively in IF amplifiers in several radar systems. As the 
emphasis on small size and light weight for airborne radars increased, and, 
as the need for better characteristics became more pressing, further develop- 
ment was undertaken which resulted in the Western Electric 6AKS tube, 
Fig. 3. 

The importance of size and weight for radar systems to be used in air- 
planes is obvious. The use of miniature tubes in airborne equipment has 
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Fig. 2a—Western Electric 386A vacuum tube (full size). 
Fig. 2b—Western Electric 717A vacuum tube (full size). 





Fig. 3—Western Electric 6AK5 vacuum tube (full size). 


been a consequence wherever their power handling capabilities are adequate 
to meet the performance requirements. The IF amplifier offers an ideal 
opportunity to effect substantial savings in both size and weight by using 
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small tubes. When the IF frequency is as high as 30 mc or 60 me, the 
circuit elements are physically small, so that the tube size is relatively 
important. The power level is low enough so that miniature tubes are 
applicable. The photograph shown in Fig. 4 illustrates the reduction in 
the size of the IF amplifier obtained by using 6AKS tubes in place of 6AC7 
tubes which were widely used previously. The larger amplifier weighs 2 
lbs. 4 oz. while the smaller one weighs only 9 oz. Each of these amplifiers 
provides an over-all amplification of about 95 db at a mid-band frequency 
of 60 mc. The bandwidths of the two amplifiers are comparable. The 
amplifier using 6AC7 tubes requires 31.3 watts of power, while the 6AKS 





Fig. 4—60 Megacycle IF amplifiers (34 full size). 


amplifier requires 14.4 watts. The power savings possible with the 6AKS 
tubes are not particularly important from the power economy standpoint, 
but rather because of the easier heat dissipation problem. In compact 
equipment such as airborne radar, the problem of keeping the operating 
temperatures of the various components within safe limits is formidable. 

In the later years of the war the 6AK5 tube became the standard IF 
amplifier tube for radar systems and because of its superior properties was 
used for other applications in many other radio equipments. 


2. AMPLIFICATION AND BANDWIDTH , 


The amplification that can be obtained with a given number of stages, 
and the useful bandwidth, are closely related. Within certain limits, one 
can be increased at the expense of the other. In fact, the product of the 
amplification per stage and the bandwidth is one important measure of the 
goodness of a particular tube and circuit design. A simple case will illustrate 
how this comes about. Assume the band-pass interstage shown in Fig. 5. 
L is the inductance of the coil, R is the shunt resistance equivalent to the 
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load resistor and any loading effects due to high-frequency losses in the 
tubes or circuit elements, and C is the total shunt capacitance of the tubes, 
the circuit elements and the wiring. If it is assumed that R, L and C are 


BLOCKING 
CONDENSER 


Fig. 5—Band-pass interstage. 


independent of frequency, the magnitude of the impedance of this network is 


|z|= SS soshawets aydsa snap ie eee nan (1) 
1 2 1 242 
[(a) + Ce - 22)] 
Whi = os he imped: i i d the f 
enw = wo = Vic e impedance is a maximum and the frequency fo 


w . : . 
= = is the resonant frequency. The maximum value of the impedance is 


|Zo| = R. If this type of interstage is used in a grounded-cathode type 
of circuit employing a pentode tube, the small-signal voltage amplification 
A, from the control grid of the tube to the plate is 


AymiGy |Z) |ocrsae. eee ee ee rey (2) 
where G,, is the grid-plate transconductance of the tube. It is assumed that 
| Z | is small compared to the plate resistance of the pentode and that there 
is no feedback. The voltage amplification Ao at the resonant frequency is 
then 





Ago. 2S Gaeta eee eee Sy (3) 

If the bandwidth is defined as AF = f, — fo, where fi and fs are the two 
frequencies where Ay = se , it can be shown that 

ae atta aes OTe ESTE EA ae (4) 


The product of the mid-band voltage wane times the bandwidth can be 
called the band merit, Bo , and we have 


= (AF)(Aw) = (GaR) SS i ds (5) 


2 eRe ss 
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This expression for band merit has been derived from the product of the 
bandwidth and the voltage amplification for a simple band-pass interstage. 
Higher band merits can be realized with a given tube by using more compli- 
cated coupling networks. 

Another interpretation of band merit is to say that it is the frequency at 
which the voltage amplification is unity. This is the frequency at which 
the product of the transconductance and the reactance of the shunt 
capacitance is unity. 

From the foregoing expression for band merit it is evident that, in general, 
the higher the band merit the fewer is the number of stages that are required 
to obtain a given gain and bandwidth. It is highly desirable to keep the 
number of stages small in order to save space, weight and power consump- 
tion and to avoid the use of unnecessary components which reduce the 








Tasie I 
Heater Plate | Total Po Nominal Aacaaee 
a eate : wer n nce ‘ 
Type Power Current | Consumption) T&nscon- | per Unit Plate Band Merit 
Z or ee “umhos wala | pies 
6AC7 2.84 10 4.7 9,000 900 89.5 
6AG7 4.10 30 9.6 11,000 367 85.3 
6AG5 1.89 Sz) 3.0 5,100 708 90.0 
NIZA 1.10 Ao. 2.3 4,000 533 71.4 
6AK5 1.10 5! 23: 5,000 667 117. 





reliability in operation. In practice the total amplification in the receiver 
is made high enough so that the system noise, with no signal, produces a fair 
indication on the output device when the gain control is set for maximum 
gain. Fora bandwidth of 5 mc, the equivalent RF input noise power level 
is of the order of 2 X 10-8 watt and the power level necessary for a suitable 
oscilloscope presentation in a radar is about 20 milliwatts. The net over-all 
gain needed is then about 110 db. Making an allowance of, say, 15 db for 
losses in the detectors and elsewhere, a total of about 125 dé gain is required. 
A minimum of about 110 dé of this is usually in the /¥ part of the receiver. 
With this amount of gain as a requirement it is easy to see the importance 
of high band merit, small size, and low power consumption in the /F' tubes. 

Table I, above, compares the salient characteristics of the 6AK5 with 
those of other similar types of tubes. 

The tube design factors which determine the band merit will now be 
examined by considering an idealized case. For an idealized plane parallel 
triode structure in which edge effects are assumed to be negligible, the plate 
current can be related to the tube geometry and the applied voltages 
approximately as follows:* 


2 “Fundamentals of Engineering Electronics,” W. G. Dow, pp. 44, 102, et seq. 
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3/2 
2.33 X 10 °A (20 + B) 
a 


(1 5 iat ay DRSI ptveg ates 

nb 
It is assumed that the electrons leave the cathode with zero initial velocities. 
The failure to take into account the effects of initial velocities makes this 
equation only a fair approximation for close-spaced tubes, but it is still 
instructive to assume it is approximately correct for the purposes of the 
present discussion. “A” is the active area of the structure, “a” is the 
distance from the cathode to the plane of the grid, “b” is the distance from 
the plane of the grid to the plate, Z; is the plate voltage, E.1 is the effective 
grid voltage (including the effect of contact potential) and y is the amplifi- 
cation constant. Dimensions are in cms. This stipulation is unnecessary 
for equation (6) but is necessary for some of the later equations. For a 
plane parallel tetrode or pentode, equation (6) is a good approximation if 
£y is replaced by the screen voltage E.2, u is replaced by the “triode mu” 
Mw (mu of control grid with respect to screen grid) and the coefficient M 
introduced, where M is the ratio of the plate current to the cathode current. 
The reason this approximation is good is that the field at the cathode, and 
therefore the cathode current, is determined almost entirely by the poten- 
tials of the first two grids. Because of the screening effect of these grids 
the potential of the plate has little effect on the cathode current. We have 
then 


h= 








E 3/2 
2.33 X w*Ma(Ea + =) 
1.= —<—<——$ ——_—_ (7) 


\ nee Ae Ie ee 
a (1 spekiGsts s 
Me @ 4 


The distance ‘‘b” is now the distance from the plane of the grid to the plane 
of the screen. This expression can be differentiated with respect to E- to get 





E, 1/2 
2.33 X 107° MA (za + a) 
= 23 a Fle NAP Ng IAS (8) 
aE 2 : ees 
= a (1 + ist) 


M2 «6@ 
It is assumed that wy» and M are independent of E.. If we let Jp be the 
cathode current density, then substitute MJoA for J, in (7), and eliminate 
the expression (z =F = between (7) and (8), we have 


Hae 
3 (2.33 x 10°°)*8 wari! 
a ee Arends (9) 


at*(1 ce ila + a) 


m2 @ 
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Neglecting the stray capacitances’ between the lead wires and also the edge 
effects, the greater proportion of the cold capacitance (input plus output) 
in Farads can be approximated by 


Co = 08854 ¢ PS *) S08 ee avk oes (10) 
a ob c 


where “a” and “6” have the same meaning as in (7) and “c” is the spacing 
between the plate and the suppressor (or screen in the case of a tetrode). 
This is of course a highly idealized case. The cathode, the grids, and the 
plate, are each assumed to be plane conductors of infinitesimal thickness, 
each having an area equal to the active area of the structure.* The band 
merit then becomes. 





1/3 8 
Bo 8 ee 
ea Me 
a 6 C, pe =«@ 


With a given cathode current, the factor M increases as the screen current is 
reduced. The use of small wires for the screen grid is an important factor 
in obtaining minimum screen current. 

Ip , the useful cathode current density, is limited by the emission capabili- 
ties of the cathode. In practice it is necessary to operate in a region con- 
siderably below the maximum available emission to avoid excessive changes 
in transconductance which would result from variations in cathode activity 
with time. Also, the shot noise will begin to rise when the region of tempera- 
ture-limited operation is approached. It should be noted that Bo is inde- 
pendent of the area A. . 

Taking reasonable values for M, Jo and pz, (M = 0.75, Io = 50 ma/cm?, 
Mi = 25), equation (11) becomes 


Bi ee Doe FeSO ne SEE fe eases (12) 
at ( ep ( see ') 
a boc 


a 





The curves in Figs. 6, 7 and 8 show how Bp varies with each of the variables 
“q?, “b” and “c” when a constant value is assigned to the other two. The 
band merit shown on these curves is considerably greater than that which 
can be realized in an actual circuit of the simple band-pass type assumed 
because the stray capacitances in the tube, the socket, the circuit elements, 
and the wiring increase the total interstage capacitance substantially. Also, 
the grid-cathode capacitance is substantially higher under normal operating 

* This assumption is obviously not true, particularly in the case of the suppressor grid, 


but, by simply regarding the effective suppressor plait spacing as somewhat greater than 
the actual spacing, the assumption becomes useful. 
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conditions, because of the presence of space charge, than when the tube is 
cold, as assumed in deriving equation (11). It has been assumed in making 
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the calculations that the current density and the triode mu are held constant 
while “a”, “6” and “‘c” are varied. In the cases of “a” and “8”, this requires 
that the control grid and/or screen voltage be varied in such a fashion as to 


hold Zo constant. The current density is nearly independent of ‘‘c” over a 


Fig. 6—Band merit vs. grid-cathode spacing. 
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Fig. 7—Band merit vs. grid-screen spacing. 
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reasonable range provided “‘c’’ is not so large as to cause the formation of a 
virtual cathode in the screen-plate space. 

Figure 6 shows that Bo rises as “a” is reduced. Reducing “@” also has 
the advantage that a lower screen voltage is required with a given grid bias. 
The improvement in Bo as “a” is reduced is quite rapid, but of course the 
mechanical difficulties involved in reducing ‘‘a” below about 0.10 mm become 
very great. 

The curve in Fig. 7 shows that By does not increase much if “b” is increased 
above about 0.30 mm, and increasing “‘b” has the disadvantage that higher 
screen voltage for a given grid bias is required. 

The curve in Fig. 8 shows that Bo increases very slowly if “‘c”’ is increased 
beyond about 1.50 mm, and increasing “c’ has the disadvantage that the 
external dimensions of the structure become greater. Increasing “c” also 
means that the plate comes closer to any shield which is placed around the 
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Fig. 8—Band merit vs. plate-suppressor spacing. 


bulb of the tube, thus increasing the output capacitance and tending to 
cancel out any improvement obtained in the structure itself. Also, if “c’” 
is made too large a virtual cathode may be formed in the screen-plate space 
under some conditions. This would interfere with the normal operation of 
the tube. 

In order to take full advantage of the close grid-cathode spacing, the 
control-grid pitch should be no greater than about 1.5 times the spacing and 
the grid wires should be as small as possible. If the pitch is too large, the 
parts of the cathode directly opposite the grid wires will be cut off while 
space current is flowing from the sections opposite the spaces between grid 
wires. This state of affairs shows up in the characteristics as excessive 
variation of the triode amplification factor, wiz , as the grid bias is varied, 
and results in a reduction of the transconductance. That is, when the 
grid is made more negative the amplification factor u12 decreases so that the 
plate current does not decrease as much as it would if 4.2 remained constant. 
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When the grid is made more positive the plate current rise is reduced because 
My increases, The grid wires should be as small as possible so as to block 
off no more of the area of the structure than is necessary. An ideal grid 
would be an infinitesimally thin conducting plane which offered no resistance 
to the passage of electrons through it except that due to its electrostatic 
potential (sometimes called a “physicist’s grid”). In the 6AK5 tube the 
grid-cathode clearance is 0.089 mm (0.0035 inch), the control-grid pitch is 
0.0127 mm (0.0050 inch), and the wire size is 0.0010 inch. Experiments 
have shown that substantially higher transconductance could have been 
realized, with the same spacing, if smaller wires and smaller pitch had been 
used, but the mechanical difficulties would have been much greater. 

The way to achieve a high band merit from the tube design standpoint is 
thus to use as close grid-cathode clearance as practicable, to operate the 
tube at as high a current density as the emission capabilities of the cathode 
will permit, and to keep the stray capacitances as low as possible. It was 
noted above from (11) that Bo is independent of A. However, if it were 
possible to maintain the same grid-cathode clearance with a large tube as it 
is with a small one, the larger tube would have the advantage that the stray 
capacitances in the tube would be a smaller fraction of the total capacitance 
so that the band merit for the tube would be higher. It would also be closer 
to what can be realized when the tube is used in an actual circuit because 
the capacitances added by the socket, the wiring and the circuit elements 
would be less important. However, the practical mechanical limitations 
controlling the minimum grid-cathode clearance have been such that the 
band merit is roughly independent of the tube size over a moderate range of 
sizes of high transconductance receiving tubes. 


3. Input ConpuCTANCE 


Two factors tend to make the input conductance of tubes higher at high 
frequencies than at low frequencies. One is the effect of lead inductances 
and the other is the effect of transit time. If the loading produced by these 
effects is no moré than that required to get the desired bandwidth, it may be 
no particular disadvantage for stages other than the first one in the amplifier. 
As will be seen later, however, this effect in the input tube increases the 
noise figure. The practical result of a consideration of these effects is that 
the leads are made as short as possible and that small tubes are used in order 
to use close grid-cathode clearances when the frequency at which the tubes 
are to be used is above about 10mc. The expression derived by North® for 


4 “Analysis ot the Effects of Space Charge on Grid Impedance,” D. O. North, I. R. E. 
Proceedings, Vol. 24, No. 1, January, 1936. 
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the input conductance of a tetrode or pentode can be re-written, neglecting 
the higher order terms, to give the approximate expression 


6 
—8 2 2 — EE 
Gun = 22% 10 af’ Gm eae V2) : 
Vi v, 


where G,, is the triode-connected transconductance, a is grid-cathode spacing 
in cms, b is grid-screen spacing in cms, V; and V2 are the effective grid-plane 
and screen-plane potentials in volts, and f is the frequency in mc. It is 
assumed that there are no lead inductances and that there is no potential 
minimum in the grid-cathode region. For a given transconductance, (13) 
shows that close spacings are necessary for minimum grid conductance. 

If the lead inductances between the external circuit and the tube elements 
are appreciable, the input loading may be excessive even though the transit 
time through the tube structure is negligibly small. The general case taking 
account of the mutual and self inductances of all the leads of a pentode has 
been treated by Strutt and van der Ziel’. The equations are cumbersome 
even though only the first order terms in frequency are retained. If all of 
the lead inductances except that in series with the cathode are neglected, 
and transit time is assumed to be negligible, the input conductance of a 
pentode becomes approximately® 


Giny BG DiC ie ssa sis saute yee Pxtigay (14) 


.. (13) 


where Ly is the cathode lead inductance and C; is the grid-cathode capaci- 
tance. It is further assumed that the plate-grid capacitance is negligible. 

Work done at the Naval Research Laboratory includes data on the input 
conductance of 6AK5 tubes in the frequency range from 100 mc to 300 mc. 
Through the courtesy of the Naval Research Laboratory some of the data 
are reproduced in Fig. 9. It is of interest to check a point on this curve 
against equation (14). For the 6AKS, 0.02 micro-henry is the estimated* 
cathode lead inductance, Gn = 5000 X 10~* mhos, and C; = 4X 10- farad. 
At a frequency of 250 mc we have a calculated conductance of 990 
micromhos, which checks roughly with the value of 1110 micromhos from 
the curve in Fig. 9. Equation (13) can be used to obtain an approximate 
value for the loading due to transit time. Taking a = 0.0089 cm., 6 = 
0.032 cm., Gn = 6.7 X 10-* mhos, f = 250 mc, Vi = +2.3 volts, and V2 
= +120 volts, a calculation gives G;, = 177 micromhos. These results 

«The Causes for the Increase of the Admittance of Modern High-Frequency Amplifier 


Tubes,” M. J. O. Strutt and A. van der Ziel, I. R. E. Proceedings, Vol. 26, No. 8, August 


1938. 
5 “Hyper and Ultra-High Frequency Engineering,” Sarbacher and Edson, p. 435. 
* This has been checked roughly by Q-meter measurements. 
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show that the performance of the 6AKS near the upper end of its present 
useful frequency range is probably limited to a considerable degree by the 
lead inductances rather than by(transit’timejeffects in the structure, 
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Fig. 9—Average input conductance vs. frequency for six 6AK5 tubes—courtesy of 
Naval Research Laboratory. 


4. NoIse 


Although it may be possible to employ enough stages of IF amplification 
to provide the necessary gain and band-width we may still have a relatively 
insensitive receiver for weak signals. This comes about because there are 
inherent electrical disturbances in vacuum tubes and passive networks which 
give rise to random voltages. Since these disturbances may be of the order 
of the strength of the signal, they must be kept to a minimum in order to 
maintain a high signal-to-noise ratio. In a receiving system in which no 
RF amplification is used ahead of the first detector, the signal-to-noise ratio 
is limited to a large extent by the noisiness of the first detector and the first 
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IF tube. The noise performance of the first IF stage will be ‘discussed’ in 

some detail.** ny : pe ered 
A convenient method of expressing the departure from ideal performance 

is the use of the “noise figure” proposed by Friis.© The noise figure.of a 

network or amplifier may be defined as follows: 


_ Available output noise power (15) 
GRIAL ws nie ee: 


where G is the “available gain” which is defined as the ratio of the available 
signal power at the output terminals of the network or amplifier to the 
available signal power at the terminals of the signal generator. KTAf is 
the available noise power from a passive resistance, where K is Boltzmann’s 
constant, 7 is absolute temperature and Af is the incremental bandwidth. 
This follows from consideration of a noise generator of resistance Ry working 
into a load resistance Ro. This is the condition for maximum power into 
the load, half of the noise voltage appearing across the source and half 
across the load. The open-circuit noise voltage appearing across the 
terminals of a resistance Ro is 


NF 


V2 me ART RAS. 6 oie aye tnes ingen nes (16) 
The noise power delivered to the load by the source resistance will be 
Vv’ 7) 

.=—= AS ete waisitia <earste wae as 1 

P R KTAf ( 


Tf there were no source of noise other than that of the resistance of the signal 
source itself, the noise figure would be unity. If the signal source works 
directly into a matched load resistance at the same témperature, the noise 
figure is 2 since the available output noise power is KTAf and the available 
gain is one-half. 

The importance of the noise figure of the radar receiver is obvious since a 
reduction in the noise figure is equivalent to the same percentage increase in 
transmitter power. In recent radar systems the noise arising in the first IF 
stage constituted a substantial part of the total receiver noise. 

If the first IF tube provides at least 15 db gain, noise introduced by its 
plate load impedance, and by anyother sources in the rest of the amplifier, 
is usually negligible. The departure of the noise figure of the IF amplifier 
from unity is then due to noise arising in the first tube and in its input 
circuit. 

In the very high frequency (VHF) range, essentially all of the noise arising 

** Tt will be assumed in all of the discussion about noise that there is no noise due to 
flicker effect, emission of positive ions, microphonics, sputter, ionization, secondary emis- 


sion, or reflection ot electrons from charged insulators. 
8 “Noise Figure of Radio Receivers,” H. T. Friis, I. R. E. Proceedings, July 1944. 
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in the tube itself is due to random fluctuations: in the emission of electrons 
from the-cathode. For a parallel plane diode in a circuit such as that shown 
in Fig. 10(a), the mean square noise current is’ 


. hee ODPL AP dota 2 iesantesann Gaon (18) 


where ¢ is the electronic charge, Ji, is the d-c cathode current, Af is the 
incremental bandwidth, and I’ is a factor which takes into account the 
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Fig. 10a—Diode, negligible circuit impedance. 
Fig. 10b—Pentode, negligible circuit impedance. _ 
Fig. 10c—Pentode, impedance in grid circuit. 


“cushioning effect” of space charge. For anode-cathode spacings and 
operating conditions such that the transit time is not too large a faction of 
the period of the frequency involved, I is of the order of 0.20 when the 
zero-field emission is several times larger than J,. Under temperature- 
limited conditions T is unity. That is, under favorable space-charge- 
limited conditions, the fluctuation noise component in J; is only about 20% 
of the value for the same cathode current under temperature-limited condi- 
tions. Although the introduction of grids between the cathode and anode 


7 “Fluctuations in Space-Charge-Limited Currents at Moderately High Frequencies,” 
B. J. Thompson, D. O. North, W. A. Harris, R. C. A. Review, October 1940, Vol. 5, p. 244. 
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of the simple diode complicates the noise problem, the factor T remains of 
great importance. It is therefore desirable to control the tube processing 
in manufacture so as to insure adequate available emission in every tube. 
An “activity test” is made on completed tubes for this purpose. This test 
consists of reducing the heater voltage by an arbitrary amount (usually 10%) 
and observing the change in one of the tube characteristics which is sensitive 
to changes in available emission. The characteristic used for tubes like 
the 717A and 6AKS is the transconductance. If the transconductance de- 
creases by more than about 20% for a 10% reduction in heater voltage, 
with the other operating voltages held constant, insufficient available emis- 
sion is indicated and I is higher than for more “active” tubes. 

In the case of a pentode with negligible impedance in each of its leads, as 
shown in Fig. 10(b), the fluctuation in the cathode current is the same as 
that given in equation (18), but the noise component in the plate lead is 
larger. Thompson, North, and Harris’ showed that it can be written as 


2 é 
= 2etpas| Pie + Tel ecb asa enases? (19) 
k 


where J, is the d-c plate current and J is the d-c screen current. It was 
mentioned above that I’ can be made as low as 0.20 by providing adequate 
available emission. From the design standpoint, equation (19) also shows 
that the screen current should be as small as possible. For normal operat- 
ing conditions in a pentode, the screen current is influenced by the screening 
fraction (fraction of area blocked off by grid wires) of the screen grid and 
by the amount of space current turned back to the screen in the screen-plate 
region. The way to get a minimum screening fraction and still obtain the 
desired function of the screen grid of reducing the plate-grid capacitance is 
to use wire of as small diameter as possible. The presence of a suppressor 
grid, at cathode potential, placed between the screen and the plate to pre- 
vent interchange of secondary electrons, causes a certain proportion of the 
space current which would otherwise go to the plate to be turned back to the 
screen. Here again, this effect is minimized by using as fine wire as possible 
for the suppressor grid. It was pointed out in an earlier section that fine 
wires are desired for the control grid. The ideal for each of the three grids in 
an IF pentode would be a conducting plane which, offers no resistance to 
the passage of electrons other than the influence of its potential. 

When impedances are connected in the various leads of a pentode the 
noise components discussed above will, in general, be different due to the 
influence of fluctuation voltages developed between the elements of the tube. 
In particular it is found experimentally in the VHF range of frequencies 
that when an impedance Z is introduced between the grid and cathode, as 
shown in Fig. 10(c), the noise component in the plate lead rises more than 
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would be expected due to thermal noise from Z, because of the effect of grid 
noise. North and Ferris’ showed that the grid noise can be taken into 
account by assuming that the input resistance of the tube is aresistance 
noise source whose absolute temperature is about 4.8 times ambient, if the 
input loading is due to transit time effects alone. One consequence of this 
input loading is that at high frequencies the best signal-to-noise ratio is 
usually obtained with an input circuit of lower impedance than that which 
would be used at low frequencies. 

Actually, as was brought out in an earlier section, the loading in tubes 
like the 6AKS is probably due largely to lead inductances between the active 
tube elements and the external circuit components up to a few hundred 
megacycles. According to Pierce® the effect of the cathode lead inductance 
feedback is to reduce the signal component in the output current while 
leaving the noise current due to screen interception noise unaffected. Input 
loading may be a limiting factor in tubes like the 717A and 6AK5 when the 
frequency is of the order of 100 mc or higher, both because of its effect on 
gain in some cases and because of its adverse effect on the signal-to-noise 
ratio for early stage use. There is good evidence that the 6AKS structure 
would be useful at much higher frequencies than is the case at present if the 
circuit connections to the tube elements were improved by more advan- 
tageous mounting of the structure and the use of more suitable sockets or 
external connectors. ; 

Noise measurements made by a number of workers at Bell Telephone 
Laboratories” indicate that an average noise figure of about 2.8 can be 
obtained with the 6AK5 at a midband frequency of 60 mc, with a well- 
designed input circuit, and bandwidths up to 10 mc. At a mid-band fre- 
quency of 30 mc the noise figure is about 2.4. At 100 mc it is about 3.6. 


5. DESCRIPTION OF THE DESIGN OF THE WESTERN ELEctRIc 6AK5 TuBE 


In order that the reader may have a full appreciation of the dimensions 
and other requirements of design to meet the characteristics discussed 
above, a detailed description of the 6AKS tube follows. 

5.1 Mechanical Description 

The 6AKS tube is an indirectly heated cathode type pentode employing 
the 7-pin button stem and the T-5-1/2 size miniature bulb. The outline 
dimensions are shown in Fig. 11. A photograph of a mount ready to be 
sealed into a bulb is shown in Fig. 12. Figure 13 is a photograph of a 
transverse section through the tube at the middle of the structure in a plane 

8 “Fluctuations Induced in Vacuum§Tube Grids at High Frequencies,” D. O. North 
and W. R. Ferris, I. R. E. Proceedings, Vol. 29, No. 2, February 1941. 


° Unpublished Technical Memorandum, J. R. Pierce. 
10S. E, Miller, V. C. Rideout, R. S. Julian. 
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Fig. 11—6AKS outline dimensions. 





-Fig. 12—6AKS5 mount structure (full size). 
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parallel to the stem or “‘base” of the tube. The magnification in Fig. 13 
as reproduced is about 514 times. 

The heater is a conventional folded type with eight legs of coated tungsten 
wire. The wire diameter is 0.0014 inches and the unfolded length is 3 inches. 
The insulating coating consists of fired aluminum oxide and is about 0.0025 
inch thick. 

The cathode is of oval cross-section with the contours of the longer sides 
shaped to conform to the shape of the control grid. The major axis of the 





Fig. 13—Transverse section of 6AK5 tube (514 times). 


cross-section of the cathode sleeve is 0.048 inch. The minor axis is 0.025 
inch. The length of the sleeve is 0.47 inch and it is coated over a centralized 
section which extends 0.28 inch along its length. The coating is the usual 
mixture of oxides of barium, calcium, and strontium. Before the tube is 
processed, the coating thickness is about 0.002 inch. After processing, it is 
about 0.001 inch thick. 

The grids are oval-shaped and are wound with small diameter wires. 
The control-grid and the screen-grid lateral wires are 0.001 inch diameter 
tungsten. The suppressor-grid lateral wires are 0.002 inch diameter 
molybdenum. The control-grid wires are gold-plated in order to minimize 
primary emission of electrons from this grid. 
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The plate has a rectangular transverse cross-section and ismade of 0.005 
inch thickness carbonized nickel. The carbonization increases the thermal 
emissivity of the plate surface so that a reasonable amount of power dissipa- 
tion in the plate can be tolerated. 

The end shields are made of nickel-plated iron. The reason for using this 
material instead of nickel, as is more often the case, is to prevent overheating 
of these shields during the exhaust process. At the temperatures used, the 
iron shields pick up less energy in the induction field during the out-gassing 
of the plate than do nickel shields. The function of the end shields is to 
minimize the stray capacitance between the plate and the control grid. 

The insulators or spacers which hold the tube elements in proper disposi- 
tion with respect to each other are of high grade mica. They are coated with 
magnesium oxide to minimize surface leakage effects. 

The getter, which can be seen at the top of the structure in Fig. 12, con- 
tains barium which is flashed onto the inside surface of the bulb at the end 
of the exhaust process in order to take up residual gas evolving from the 
parts of the tube during operation. 

Although the individual parts are extremely small and fragile, the com- 
pleted tube is surprisingly rugged. The short supporting wires in the stem 
and the support provided by the bulb-contacting top insulator result in 
the stem, bulb, and mount structure being a relatively rigid unit. The 
small parts assembled into the mount are very light in weight and therefore 
exert relatively small forces on their supporting members under conditions 
of mechanical shock. Shock tests performed at the Naval Research Labora- 
tory and at the Bell Laboratories show that the 6AK5 tube stands up 
satisfactorily under a steady vibration of rms acceleration 2.5 times gravity 
and withstands 1 millisecond shocks of over 300 times gravity. 

The most important single geometrical factor in the tube is the spacing 
between the cathode and the control grid. In the 6AKS tube this clearance 
is 0.0035 inch after processing. Before processing it is 0.0025 inth. The 
manufacturing difficulties involved in assembling the structure and main- 
taining such small clearances are obviously very great. However, as was 
seen from the discussion above, this close spacing is essential in order to 
obtain the desired high-frequency performance. 

It can be observed that the close mounting of the structure on the stem 
provides very short lead lengths between the tube elements and the external 
pins. This is of importance at frequencies where the inductances of the lead 
wires become comparable in magnitude to the circuit reactances. 

5.2 Low Frequency Electrical Charatceristics 

The usual static characteristics are shown by the curves in Fig. 14. The 

ratings, nominal characteristics, and cold capacitances are given in Table IT 
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5.3 Fixed Tuning 
It is highly desirable to design the IF amplifier with fixed tuning in order 
to minimize the number of adjustments that need to be made when tubes 
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are changed. The difficulty immediately arises that, since the tube capaci- 
tances are usually a large fraction of the total shunt capacitance of each 
coupling network, the variations in capacitance from one tube to another 
become very important. It is essential that, after the amplifier is lined up 
at the factory with standard tubes, any stock tubes taken at random shall 
give satisfactory performance in the amplifier. This requires close control 
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of the capacitances. Not only must the capacitances be held within the 
limits of the test specification, but the product averages must be kept close 
to the design center values particularly in the cases of the input and output 


capacitances. 


Tasie I 





Heater Ratinc 
Heater voltage 
Nominal heater current 

Maximum Ratings (Design-center values) 


6.3 volts, a-c or d-c 
0.175 ampere 



















Maximum plate voltage 180 volts 
Maximum screen voltage. . . 140 volts 
. 1.7 watts 


Maximum plate dissipation 3 ‘ 
Maximum screen dissipation.............+-+.++0++ .. 0.5 watt 
Maximum cathode current. . ... 18 milliamperes 
Maximum heater-cathode vol - 90 volts 
Maximum bulb temperature 120°C 
OPERATING CONDITIONS AND CHARACTERISTICS 
Plate voltage... .. 
Screen voltage. . 
Cathode-bias resistor 
Plate current... 
Screen current... 
Amplification fac! 





120 150 180 volts 

120 140 120 volts 

200 330 200 ohms 

7.5 7.0 7.7 milliamperes 

» 2.5 2.2 2.4 milliamperes 
1700 1800 3500 
Plate resistance... : 0.34 30.42 0.69 megohms 
Transconductance. .... seeeees 5000 4300 5100 micromhos 

INTERELECTRODE CAPACITANCES (With JAN 1A No. 314 shield connected to cathode) 
Control grid to heater, cathode, screen grid and suppressor grid...........- 3.90 pul 
Plate to control grid............... cee e cree eee e eee ee ees . 0.01 upf 


Plate to heater, cathode, screen grid-and suppressor grid........... voces, 2:85 pp 

















6. CONCLUSION 


The important factors to be considered in evaluating the suitability of a 
vacuum tube for broad band IF use in the VHF range are as follows: 
1. Band merit 
2. Noise figure 
3. Input conductance 
4. Power consumption 
5. Physical size 
6. Control of capacitances 
We have seen that the tube design features which make a tube good on 
the basis of these requirements are close grid-cathode spacing, fine grid wires, 
short lead wires, and small elements. An important consideration from the 
manufacturing standpoint is the control of cathode emission for low noise. 
It has been possible to extend the useful frequency range of conventional 
receiving tubes up through the VHF range and somewhat higher by this 
line of attack. * 
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The 6AKS tube is an outgrowth of the many years of development in 
this general field by the Electronics group of the Bell Telephone Laboratories, ° 
Contributions to the success of the development have been made by chem- 
ists, physicists, mechanical engineers and electrical engineers too numerous 
to mention individually and to whom the author is indebted for much of the 
material presented. 
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INTRODUCTION 


R ADAR proved to be one of the most important technical achieve- 
ments of World War II. It has many sources, some as far back 
as the nineteenth century, yet its rapid wartime growth was the result 
of military necessity. This development will continue, for radar has 
increasing applications in a peacetime world. 

In this paper we will discuss an indispensable part of radar—the 
antenna. In a radar system the antenna function is two-fold. It 
both projects into space each transmitted radar pulse, and collects from 
space each received reflected signal. Usually but not always a single 
antenna performs both functions. 

The effectiveness of a radar is influenced decisively by the nature and 
quality of its antenna. The greatest range at which the radar can de- 
tect a target, the accuracy with which the direction to the target can be 
determined and the degree with which the target can be discriminated 
from its background or other targets all depend to a large extent on 
electrical properties of the antenna. The angular sector which the 
arffenna can mechanically or electrically scan is the sector from which 
the radar can provide information. The scanning rate determines the 
frequency with which a tactical or navigational situation can be ex- 
amined. 
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Radar antennas are as numerous in kind as radars. The unique 
character and particular functions of a radar are often most clearly 
evident in the design of its antenna. Antennas must be designed for 
viewing planes from the ground, the ground from planes and planes 
from other planes. They must see ships from the shore, from the air, 
from other ships, and from submarines. In modern warfare any 
tactical situation may require one or several radars and each radar must 
have one or more antennas. 

Radar waves are almost exclusively in the centimeter or microwave 
region, yet even the basic microwave techniques are relatively new to 
the radio art. Radar demanded antenna gains and directivities far 
greater than those previously employed. Special military situations 
required antennas with beam shapes and scanning characteristics never 
imagined by communication engineers. 

It is natural that war should have turned our efforts so strongly in 
the direction of radar. But that these efforts were so richly and quickly 
rewarded was due in large part to the firm technical foundations that 
had been laid in the period immediately preceeding the war. When, 
for the common good, all privately held technical information was 
poured into one pool, all ingredients of radar, and of radar antennas in 
particular, were found to be present. 

A significant contribution of the Bell System to this fund of technical 
knowledge was its familiarity with microwave techniques. Though 
Hertz himself had performed radio experiments in the present micro- 
wave region, continuous wave techniques remained for decades at longer 
wavelengths. However, because of its interest in new communication 
channels and broader bands the Bell System has throughout the past 
thirty years vigorously pushed continuous wave techniques toward the 
direction of shorter waves. By the middle nineteen-thirties members 
of the Radio Research Department of the Bell Laboratories were work- 
ing within the centimeter region. 

Several aspects of this research and development appear now as 
particularly important. In the first place it is obvious that knowledge 
of how to generate and transmit microwaves is an essential factor in 
radar. Many lower frequency oscillator and transmission line tech- 
niques are inapplicable in the microwave region. The Bell Laboratories 
has been constantly concerned with the development of generators 
which would work at higher and higher frequencies. Its broad famil- 
iarity with coaxial cable problems and in particular its pioneering work 
with waveguides provided the answers to many radar antenna problems. 

Another telling factor was the emphasis placed upon measurement. 
Only through measurements can the planners and designers of equip- 
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ment hope to evaluate performance, to chose between alternatives or to 
see the directions of improvement. Measuring techniques employing 
double detection receivers and intermediate frequency amplifiers had 
long been in use at the Holmdel Radio Laboratory. By employing 
these techniques radar engineers were able to make more sensitive and 
accurate measurements than would have been possible with single de- 
tection. . 

Antennas are as old as radio. Radar antennas though different in 
form are identical in principle with those used by Hertz and Marconi. 
Consequently experience with communication antennas provided a 
valuable background for radar antenna design. As an example of the 
importance of this background it can be recalled that a series of experi- 


Fig. 1—An Electromagnetic Horn. 


ments with short wave antennas for Transatlantic radio telephone 
service had culminated in 1936 in a scanning array of rhombic antennas. 
The essential principles of this array were later applied to shipborne 
fire control antenna which was remarkable and valuable because of the 
early date at which it incorporated modern rapid scanning features. 

In addition to the antenna arts which arose directly out of communi- 
cation problems at lower frequencies some research specifically on micro- 
wave antennas was under way before the war. Early workers in wave- 
guides noticed that an open ended waveguide will radiate directly into 
space. It is not surprising therefore that these workers developed the 
electromagnetic horn, which is essentially a waveguide tapered out to 
an aperture (Fig. 1). 

One of the first used and simplest radio antennas is the dipole (Fig. 
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2). Current oscillating in the dipole generates electromagnetic waves 
which travel out with the velocity of light. A single dipole is fairly 
non-directive and consequently produces a relatively weak field at 
a distance. When the wave-length is short the field of a dipole in a 


a 
| 


Fig. 2—A Microwave Dipole. 


Fig. 3—A Dipole Fed Paraboloid. 


chosen direction can be increased many times by introducing a re- 
flector which directs or ‘focusses’ the energy. 

In communication antennas the focussing reflector is most com- 
monly a reflecting wire array. Even at an early date in radar the wave- 
length was so short that ‘optical’ reflectors could be used. These were 
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sometimes paraboloids similar to those used in searchlights (Fig. 3). 
Sometimes they were parabolic cylinders as in the Mark III, an early 
shipborne fire control radar developed at the Whippany Radio Labora- 
tory. 

From these relatively simple roots, the communication antenna, the 
electromagnetic horn and the optical reflector, radar antennas were 
developed tremendously during the war. That this development in 
the Bell Laboratories was so well able to meet demands placed on it was 
due in large part to the solid foundation of experience possessed by the 
Research and Development groups of the Laboratories. Free inter- 
change of individuals and information between the Laboratories and 
other groups, both in the United States and Great Britain, also con- 
tributed greatly to the success of radar antenna development. 

Because of its accelerated wartime expansion the present radar an- 
tenna field is immense. It is still growing. It would be impossible 
for any single individual or group to master all details of this field, yet 
its broad outline can be grasped without difficulty. 

The purpose of this paper is two-fold, both to provide a general dis- 
cussion of radar antennas and to summarize the results of radar antenna 
research and development at the Bell Laboratories. Part I is a dis- 
cussion of the basic electrical principles which concern radar antennas. 
In Part II we will outline the most common methods of radar antenna 
construction. Practical military antennas developed by the Bell 
Laboratories will be described in Part IIT. 

The reader who is interested in general familiarity with the over all re- 
sult rather than with technical features of design may proceed directly 
from this part to Part III. 


PART I 
ELECTRICAL PRINCIPLES 


1. GENERAL 


Radar antenna design depends basically on the same broad principles 
which underlie any other engineering design. The radar antenna designer 
can afford to neglect no aspect of his problem which has a bearing on the 
final product. Mechanical, chemical, and manufacturing considerations 
are among those which must be taken into account. 

It is the electrical character of the antenna, however, which is connected 
most directly with the radar performance. In addition it is through atten- 
tion to the electrical design problems that the greatest number of novel 
antennas have been introduced and it is from the electrical viewpoint that 
the new techniques can best be understood. 

An antenna is an electromagnetic device and as such can be understood 
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through the application of electromagnetic theory. Maxwell’s equations 
provide a general and accurate foundation for antenna theory. They are 
the governing authority to which the antenna designer may refer directly 
when problems of a fundamental or baffling nature must be solved. 

It is usually impracticable to obtain theoretically exact and simple solu- 
tions to useful antenna problems by applying Maxwell’s Equations directly. 
We can, however, use them to derive simpler useful theories. These 
theories provide us with powerful analytical tools. 

Lumped circuit theory is a tool of this sort which is of immense practical 
importance to electrical and radio engineers. As the frequency becomes 
higher the approximations on which lumped circuit theory is based become 
inaccurate and engineers find that they must consider distributed in- 
ductances and capacitances. The realm of transmission line theory has 
been invaded. 

Transmission line theory is of the utmost importance in radar antenna 
design. In the first place the microwave energy must be brought to the 
antenna terminals over a transmission line. This feed line is usually a 
coaxial or a wave-guide. It must not break down under the voltage which 
accompanies a transmitted pulse. It must be as nearly lossless and reflec- 
tionless as possible and it must be matched properly to the antenna terminals. 

The importance of a good understanding of transmission line theory does 
not end at the antenna terminals. In any.antenna the energy to be trans- 
mitted must be distributed in the antenna structure in such a way that the 
desired radiation characteristics will be obtained. This may be done with 
transmission lines, in which case the importance of transmission line theory 
is obvious. It may be done by ‘optical’ methods. If so, certain trans- 
mission line concepts and methods will still be useful. 

While it is true that transmission line theory is important it is not nec- 
essary to give a treatment of it in this paper. Adequate theoretical dis- 
cussions can be found elsewhere in several sources.! It is enough at this 
point to indicate the need for a practical understanding of transmission line 
principles, a need which will be particularly evident in Part IT, Methods 
of Antenna Construction. 

We may, if we like, think of the whole radar transmission problem in 
terms of transmission line theory. The antenna then appears as a trans- 
former between the feed line and transmission modes in free space. We 
cannot, however, apply this picture to details with much effectiveness unless 
we have some understanding of radiation. 

In the sections to follow we shall deal with some theoretical aspects of 
radiation. We shall begin with a discussion of fundamental transmission 

1See, for example, S. A. Schelkunoff, Electromagnetic Waves, D. Van Nostrand Co., 


Inc., 1943, in particular, Chapters VII and VIII, or F. E. Terman, Radio Engineer’s Hand- 
book, McGraw-Hill Book Co., Inc., 1943, Section 3. 
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principles. This discussion is applicable to all antennas regardless of how 
they are made or used. When applied to radar antennas it deals chiefly 
with those properties of the antenna which affect the radar range. 

Almost all microwave radar antennas are large when measured in wave- 
lengths. When used as transmitting antennas they produce desired radia- 
tion characteristics by distributing the transmitted energy over an area or 
‘wave front’. The relationships between the phase and amplitude of elec- 
trical intensity in this wave front and the radiation characteristics of the 
antenna are predicted by wave front analysis. Wave front analysis is 
essentially the optical theory of diffraction. Although approximate it 
applies excellently to the majority of radar antenna radiation problems. 
We shall discuss wave front analysis in Section 3. 


2. TRANSMISSION PRINCIPLES 


2.1 Gain and Effective Area of an Antenna 


An extremely important property of any radar antenna is its ability to 
project a signal to a distant target. The gain of the antenna is a number 
which provides a quantitative measure of this ability. Another important 
property of a radar antenna is its ability to collect reflected power which 
is returning from a distant target. The effective area of the antenna is a 
quantitative measure of this ability. In this section these two quantities 
will be defined, and a simple relation between them will be derived. Their 
importance to radar range will be established. 

Definition of Gain. When power is fed into the terminals of an antenna 
some of it will be lost in heat and some will be radiated. The gain G of 
the antenna can be defined as the ratio 


G= P/Po (1) 


where P is the power flow per unit area in the plane linearly polarized elec- 
tromagnetic wave which the antenna causes in a distant region usually in 
the direction of maximum radiation and Po is the power flow per unit area 
which would have been produced if all the power fed into the terminals 
had been radiated equally in all directions in space. 

Definition of Effective Area. When a plane linearly polarized electromag- 
netic wave is incident on the receiving antenna, received power Pz will be 
available at the terminals of the antenna. The effective area of the antenna 
is defined, by the equation 


A= P,/P’ (2) 
where P’ is the power per unit area in the incident wave. In other words 


the received power is equal to the power flow through an area that is equal 
to the effective area of the antenna, 
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2.2 Relationship belween Gain and Effective Area 


Figure 4 shows a radio circuit in free space made up of a transmitting 
antenna T and a receiving antenna R. If the transmitted power Py had 


TRANSMITTING RECEIVING 
ANTENNA ANTENNA 


Fig. 4—Radio Circuit in Free Space. 


been radiated equally in all directions, the power flow per unit area at the 
receiving antenna would be 


1 
Po = Pr nd? (3) 
Definition (1) gives, therefore, for the power flow per unit area at the 


receiving antenna 


= _ PrGr 
P = PiGr = Te (4) 
and definition (2) gives for the received power 
PrGr Ar 
Pr = P. ‘Arp = te (5) 


From the law of reciprocity it follows that the same power is transferred if 
the transmitting and receiving roles are reversed. By (5) it is thus evident 
that 
GrAr=GrAr 
or 
Gr/Ar = Gr/An (6) 


Equation (6) shows that the ratio of the gain and effective area has the 
same constant value for all antennas at a given frequency. It is necessary, 
therefore, to calculate this ratio only for a simple and well known antenna 
such as a small dipole or uniform current element. 


2.3 The Ratio G/A for a Small Current Element 


In Fig. 5 are given formulas’ in M.K.S. units for the free space radiation 
from a small current element with no heat loss. We have assumed that 


2 See S. A. Schelkunoff, Electromagnetic Waves, D. Van Nostrand Co., Inc., 1943, p. 133 


228 (0. GW [BELL SYSTEM TECHNICAL JOURNAL 






CURRENT ELEMENT 





(LENGTH 2METERS) —>~ 
(L<< A) 
| 
\ / 
\ f= o 
\ / 
Ng 
x 
FOR r >> A? 
e i it 
G St ke eet AMPERES 
MAGNETIC INTENSITY = Ho =l3,,€ SIN@ “VETER (1) 
ad VOLTS 
ELECTRIC INTENSITY =E9 =!20TH® “GeTER (2) 
=iprs ~son{t£|singg WATTS 
POWER FLOW =P =|H9e9|=30n[ 4] SIN28 peTER? (3) 
hte 4. 1t]2 WATTS 
P |S MAXIMUM FOR @=90° Ze, Pyax = 307 [| METERe (4) 


POWER FLOW ACROSS SPHERE OF RADIUS r OR 





1. 1272 
TOTAL RADIATION = W = [Pane SIN@ rd@ = 80n? [| watts (5) 
0 
We va feN 
RADIATION RESISTANCE = Reap = 72 = 807(>-) OHMS (6) 
< _ 3 yy WATTS 
BY (4) AND (5)? Pwax= once METER? (7) 


Fig. 5—Free Space Radiation from a Small Current Element with Uniform Current 
I Amperes over its Entire Length. 


this element is centered at the origin of a rectangular coordinate system 
and that it lies along the Z axis. At a large distance r from the element 
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the maximum power flow per unit area occurs in a direction normal to it and 
is given by 
3W watts 
Pmx = — ——> 7 
* ~ 8xr? meter? (7) 
where W is the total radiated power. If W had been radiated equally 
in all directions the power flow per unit area would be 
W watts 
Pi 8 
i °* Sar? meters? (8) 


It follows that the gain of the small current element is 


Prax 
Po 

The effective area of the dipole will now be calculated. When it is used 

to receive a plane linearly polarized electromagnetic wave, the available 


output power is equal to the induced voltage squared divided by four times 
the radiation resistance. Thus 


Gaiopie = = 15 (9) 


EC 


iE; 
= ~ aRrea 


Watts (10) 





where £ is the effective value of the electric field of the wave, ¢ is the length 

of the current element and Rraa is the radiation resistance of the current 
22 

element. From Fig. 5 we see that Rrag = — ohms. Since the power 

flow per unit area is equal to the electric field squared divided by the im- 


FE 
pedance of free space, in other words Py = 120" ¥° have 


Pr _ 3 
Aaipole = = ree meter” (11) 


We combine formulas (9) and (11) to find that 


Gaipore _ 40 4 

Aaidsies 
Since, as proved in 2.2 this ratio is the same for all antennas, it follows that 
for any antenna 


oe 
3 


(12) 


mI 
Il 
x| 
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2.4 The General Transmission Formula 

Transmission loss between transmitter and receiver through the radio 
circuit shown in Fig. 4 was given by equation (5). By substituting the 
relation (12) into (5) we can obtain the simple free space transmission 
formula: 


ArA 
Pe = Pr Sap Watts (13) 
Although this formula applies to free space only it is believed to be as useful 


in radio engineering as Ohm’s law is in circuit engineering. 


2.5 The Reradiation Formula 


One further relation, the radar reflection formula is of particular interest. 
Consider the situation illustrated in Fig. 6. Let Pr be the power radiated 


REFLECTING OBJECT 
(As=PROJECTED AREA IN 


DIR’ F 
RADAR ECTION OF RADAR) 


Py Ar,Gt 
— 
Pp j-}—_—____ — d+ 
ak 
RECEIVER 
Ar,GR 


Fig. 6—Radar with Separate Receiving and Transmitting Antennas. 


from an antenna with effective area A 7, As the area of a reflecting object at 
distance d from the antenna and Pz the power received by an antenna of 


effective area An. By equation (13) the power striking As is Piet 5 AE 





this power were reradiated equally in all directions the reflected power flow 
PrArAs 
And’)? 
is larger toward the receiving antenna, the power flow per unit area there is 
PrArAs 
4nd‘? 





at the receiving antenna would be but since the average reradiation 


where K*> 1. It follows from (2) that 





usually K 
P. 7A 7A RA 8 
dmded* (14) 


Formula (14) shows clearly why the use of large and efficient antennas will 


greatly increase the radar range. 
Formula (14) applies to free space only. Application to other conditions 


Pr=K 
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may require corrections for the effect of the “ground”, and for the effect 
of the transmission medium, which are beyond the scope of this paper. 


2.6 The Plane, Linearly Polarized Electromagnetic Wave 


In the foregoing sections we have referred several times to ‘plane, linearly 

polarized electromagnetic waves’. * These waves occur so commonly in 
antenna theory and practice that it is worth while to discuss them further 
here. : 
Some properties of linearly polarized, plane electromagnetic waves are 
illustrated in Fig. 7. At any point in the wave there is an electric field and 
a magnetic field. These fields are vectorial in nature and are at right 
angles to each other and to the direction of propagation. It is customary 
to give the magnitude of the electric field only. 

If we use the M.K.S. system of units the magnitudes of the fields are 
expressed in familiar units. Electric intensity appears as volts per meter 
and magnetic intensity as amperes per meter. The ratio of electric to 
magnetic intensity has a value of 120 or about 377 ohms. This is the 
‘impedance’ of free space. The power flow per unit area is expressed in 
watts per square meter. We see, therefore, that the electromagnetic wave 
is a means for carrying energy not entirely unlike a familiar two wire line 
or a coaxial cable. 

Electromagnetic waves are generated when oscillating currents flow in 
conductors. We could generate a plane linearly polarized electromagnetic 
wave with a uniphase current sheet consisting of a network of fine wires 
backed up with a conducting reflector as shown in Fig. 7. This wave could 
be absorbed by a plane resistance sheet with a resistivity of 377 ohms, also 
backed up by a conducting sheet. The perfectly conducting reflecting 
sheets put infinite impedances in parallel with the current sheet and the 
resistance sheet, since each of these reflecting sheets has a zero impedance 
at a spacing of a quarter wavelength. 

A perfectly plane electromagnetic wave can exist only under certain ideal 
conditions. It must be either infinite in extent or bounded appropriately 
by perfect electric and magnetic conductors. Nevertheless thinking in 
terms of plane electromagnetic waves is common and extremely useful. In 
the first place the waves produced over a small region at a great distance 
from any radiator are essentially plane. Arguments concerning receiving 
antennas therefore generally assume that the incident waves are plane. In 
the second place an antenna which has dimensions of many wavelengths can 
be analyzed with considerable profit on the basis of the assumption that it 
transmits by producing a nearly plane electromagnetic wave across its 
aperture. This method of analysis can be applied to the majority of micro- 
wave radar antennas, and will be discussed in the following sections. 
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3. WavE Front ANALYSIS 


The fundamental design question is ‘How to get what we want?” In 
a radar antenna we want specified radiation characteristics; gain, pattern 
and polarization. Electromagnetic theory tells us that if all electric and 
magnetic currents in an antenna are known its radiation characteristics 
may be derived with the help of MaxWell’s Equations. However, the es- 
sence of electromagnetic theory insofar as it is of use to the radar antenna 
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Fig. 7—Linearly Polarized Plane Electromagnetic Waves. 


designer can usually be expressed in a simpler, more easily visualized and 
thus more useful form. This simpler method we call wave front analysis. 

In a transmitting microwave antenna the power to be radiated is used to 
produce currents in antenna elements which are distributed in space. This 
distribution is usually over an area, it may be discrete as with a dipole array 
or it may be continuous as in an electromagnetic horn or paraboloid. These 
currents generate an advancing electromagnetic wave over the aperture of 
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theantenna, The amplitude, phase and polarization of the electric intensity 
in portions of the wave are determined by the currents in the antenna and 
thus by the details of the antenna structure. This advancing wave can be 
called the ‘wave front’ of the antenna. 

When the wave front of an antenna is known its radiation characteristics 
may be calculated. Each portion of the wave front can be regarded as a 
secondary or ‘Huygens’ source of known electric intensity, phase and polari- 
zation. At any other point in space the electric intensity, phase and polari- 
zation due to a Huygens source can be obtained through a simple expression 
given in the next section. The radiation characteristics of the antenna can 
be found by adding or integrating the effects due to all Huygens sources of 
the wave front. 

This procedure is based on the assumption that the antenna is transmit- 
ting. A basic law of reciprocity assures us that the receiving gain and radia- 
tion characteristics of the antenna will be identical with the transmitting 
ones when only linear elements are involved. 

This resolution of an antenna wave front into an array of secondary 
sources can be justified within certain limitations on the basis of the induc- 
tion theorem of electromagnetic theory.’ These limitations are discussed in 
a qualitative way in section 3.13. 


3.1 The Huygens Source 


Consider an elementary Huygens source of electric intensity Ey polarized 
parallel to the X axis with area dS in the XY plane (Fig. 8). This can be 
thought of as an element of area dS of a wave front of a linearly polarized 
plane electromagnetic wave which is advancing in the positive z direction.* 
From Maxwell’s Equations we can determine the field at any point of space 
due to this Huygens Source. The components of electric field, are found 
to be 


E, =0 
~EgdS ieee 
= 1—— @ 
Ey =i oar ° (1 + cos 6) cos d (15) 
E = 1S mores + cos @) sing 


where ) is the wavelength. ' 
We see at once that this represents a vector whose absolute magnitude 
at all points of space is given by 


|E| aoe + cos 6). (16) 


3S, A, Schelkunoff, Loc. Cit., Chap. 9. 
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Here a= is an amplitude factor which depends on the wavelength, intensity 


and area of the elementary source and 1/r is an amplitude factor which 
specifies the variation of field with distance. (1 + cos 6) is an amplitude 
factor which shows that the directional pattern of the elementary source is a 
cardioid with maximum radiation in the direction of propagation and no 
radiation in the reverse direction. 

When we use the properties of the Huygens source in analyzing a micro- 
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Fig. 8—The Huygens Source. 


wave antenna we are usually concerned principally with radiation in or near 
the direction of propagation. For such radiation Equation 16 takes a par- 
ticularly simple form in Cartesian Coordinates 


E.& ses etter, po 0; B, £0. (7) 


This represents an electric vector nearly parallel to the electric vector of the 
EydS 


oF and the phase by the 


source. The amplitude is given by the factor 
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factor ie", With this equation as a basis we will now proceed to 
study some relevant matters concerning radar antennas. 


3.2 Gain and Effective Area of an Ideal Antenna 


On the basis of (17) we can now determine the gain of an ideal antenna of 
area S (S >>’). This antenna is assumed to be free of heat loss and to 
transmit by generating an advancing wave which is uniform in phase and 
amplitude in the XY plane. Let the electric intensity in the wave front of 


| | 


AREA=S 








Fig. 9—An Ideal Antenna. 


the ideal antenna be Zp polarized parallel to the X axis (Fig. 9). The trans- 
mitted power Pr is equal to the power flow through S and is given by 
5 SE 
Pr = 1207 iS: (18) 
At a point Q on the Z axis the electric intensity is obtained by adding the 
effects of all the Huygens sources in S. If the distance of Q from O is sc 
great that 


r=d+A 
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where A is a negligibly small fraction of a wavelength for every point on S 
then we’'see from (17) that the electric vector at Q is given by 








-EodS -iwermr _ - -ierna LoS 
Be [i “ GE sare @ONNS. or ; E, = 0,E, = 0. (19) 


The power flow per unit area at Q is therefore 


1207 Ad? Ne? 

P, the power flow per unit area at Q when power is radiated isotropically 
from O is found by assuming that Py is spread evenly over the surface of a 
sphere of radius d. 
oh 

4nd? 
The gain of 4 lossless, uniphase, uniamplitude, linearly polarized antenna 
is, by the definition of equation 1, the ratio of 19 and 20. 
= PrS / Pr _ Ans 
ES 4nd” 
It follows from 12 that the effective area of the ideal antenna is 

A=S (22) 


In other words in this ideal antenna the effective area is equal to the actual 
area. This is a result which might have been obtained by more direct 
arguments. 


(20) 


Po 


G, (21) 


3.3 Gain and Effective Area of an Antenna with Aperture in a Plane and with 
Arbitrary Phase and Amplitude 


Let us consider an antenna with a wave front in the XY plane which has 
a known phase and amplitude variation. Let the electric intensity inthe 
wave front be 


E(x, 9) = Eya(x, ye** (23) 


polarized parallel to the axis. The radiated power is equal to the power 
flow through S and is given by 


2 2 
Pass Eo | a (x, y) dS (24) 
1207 
The input power to the antenna is 


g Pry= Proa/L (25) 
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where L isa loss factor (<1). Ata point Q on the Z axis the electric inten- 
sity is obtained by adding the effects of all the Huygens sources in S. If 
OQ is as great as in the above derivation for the gain of an ideal antenna then 
we see from 17 that the electric intensity at Q is 
gira Bens 
E=4 “Fa | ale, ye dS; E, = 0; E, = 0. (26) 
The power flow per unit area at Q is given by 
1 


Pe 


| Ez |° (27) 
and Po the power flow per unit area at Q when Pr is radiated isotropically 
is given by equation (3). 

The power gain of the antenna, by definition 1 is therefore 





2 
P _|ESP / Pr _ 4xL [oe, ever as| 











Oe ae) ae 8 5 a) 
[e@,»as 
s 
The gain expressed in db is given by 
Ga = 10 logis G (29) 
We combine 12 and 28 to obtain 
2 
[ a(x, ye" as| 
A = L 4A—_W___ (30) 


[ a°(x, y) dS 


a formula for the effective area of the antenna. 


3.4 The Significance of the Pattern of a Radar Antenna 


The accuracy with which a radar can determine the directions to a target 
depends upon the beam widths of the radar antenna. The ability of the 
radar to separate a target from its background or distinguish it from other 
targets depends upon the beam widths and the minor lobes of the radar 
antenna. ‘The efficiency with which the radar uses the available power to 
view a given region of space depends on the beam shape of the antenna. 
These quantities characterize the antenna pattern. In the following sec- 
tions means for the calculation of antenna patterns in terms of wave front 
theory will be developed, and some illustrations will be given. 
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3.5 Pattern in Terms of Antenna Wave Front 


If the relative phase and amplitude in a wave front are given by 
E(x, y) = a(x, ye*@? (31) 
the relative phase and amplitude at a distant point Q not necessarily on the 
Z axis (Fig. 10) in the important case where the angle QOZ between the 
direction of propagation and the direction to the point is small, is given from 
(17) by adding the contributions at Q due to all parts of the wave front. 
This gives 


Bg = f eterno a(x, y) as. (32) 
MM Js 


ANTENNA WAVE 





Fig. 10—Geometry of Pattern Analysis. 


The quantity r in (32) is the distance from any point P with coordinates x, 
90; in the XY, plane to the point Q (Fig. 10). Simple trigonometry shows 
that when OQ is very large 


r=d—xsina— ysing (33) 
where d is the distance OQ, a is the angle ZOQ’ between OZ and OQ’ the 
projection of OQ on the XZ plane and £ is similarly the angle ZOQ”. The 


substitution of 33 into 32 gives 


+ i (2x/d! 
ie 4(2x/d)d 


‘Be = 4 scaeim Cesinat eine) +8 (e.2) a(x, 9) dS. (34) 
Ad Ss) 
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In most practical cases this equation can be simplified by the assumptions 
a(x, y) = ¢'(@) + 4’0) 
a(x, y) = a’(x)a”(y) 
from which it follows that 
| Fa| = F@F(@)F@) (35) 


where F(d) is an amplitude factor which does not depend on angle, 
F(a) = | gf tr zsinati¢’(2) a’ (x) dx (36) 


isa directional factor which depends only on the angle a and not on the angle 
B or d, and F(8) similarly depends on 6 but not on a ord. The pattern of 
an antenna can be calculated with the help of the simple integrals as in 36, 
and illustrations of such calculations will be given in the following sections. 


3.6 Pattern of an Ideal Rectangular Antenna 


Let the wave front be that of an ideal rectangular antenna of dimensions 
a, b; with linear polarization and uniform phase and amplitude. The dimen- 
sions a and 6 can be placed parallel to the X and Y axes respectively as 
sketched in Fig. 9. Equation 36 then gives 








al? ; 
= i@x/\)zsina — ,sinyv 
, F(a) = c e dx =a oe (37) 
ma sin a 
where y = rr 
Similarly 
7 J 
F(@) = 6b = (38) 
, _TwbsinB 
where y’ = x ; 


The pattern of the ideal rectangular aperture, in other words the distribution 
of electrical field in angle is thus given approximately by 
‘ 4 be 
F(@)F(@) = ab EY SY (39) 
y YW 
The function = is plotted in Fig. 11. It is perhaps the most useful 


function of antenna theory, not because ideal antennas as defined above are 
particularly desirable in practice but because they provide a simple stand- 
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ard with which more useful but more complex antennas can profitably be 
compared. 


3.7 Effect on Pattern of Amplitude Taper 
v 


The oar pattern which results from an ideal wave front has undesirably 


high minor lobes for most radar applications. These minor lobes will be 
reduced if the wave front of constant amplitude is replaced by one which 
retains a constant phase but has a rounded or ‘tapered’ amplitude dis- 
tribution. 
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Fig. 11—Pattern of Ideal Rectangular Antenna, 


we 


If such an amplitude taper is represented analytically by the function 
a’(x) = Cy + Co cos = (40) 


then equation (36) is readily integrable. To integrate it we utilize the 


identit 
. etizzla a e irzla 


2. 


upon which the integral becomes the sum of three simple integrals of the 
form 


cos — = 
a 





. ka 
af2 sin > 
i 7 k | a 
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We therefore obtain 


, sin{ y + *) sin (v - 4) a 
Pla) = aC, 2 + oS ens ar | (42) 


eG) OD 


The patterns resulting from two possible tapers are given by substi- 
tuting C) = 0, C2 = land Cy = 1/3,C2= 2/3 in (42). These patterns are 


evidently calculable in terms of the known function =. They are plotted 


in Figs. 12 and 13. 
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Fig. 12—Pattern of Tapered Rectangular Antenna. 


It will be observed that minor lobe suppression through tapering is ob- 
tained at the expense of beam broadening. In addition to this the gain is 
reduced by tapering, as could have been calculated from 28. These unde- 
sirable effects must be contended with in any practical antenna design. 
The choice of taper must be made on the basis of the most desirable com- 
promise between the conflicting factors. 


3.8 Effect on Pattern of Linear Phase Variation 


If we assume a constant amplitude and a linear phase variation 


(x) = hax 
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over an aperture —a/2 < x < a/2 then 36 becomes a simple integral of 
the form (41) and we obtain 
sin y” 

yp’ 
The physical interpretation of, (43) is simply that the pattern is identical to 
the pattern of an antenna with constant amplitude and uniform phase but 
rotated through an angle @ where 


where yp’ = > sina — ae (43) 
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Fig. 13—Pattern of Tapered Rectangular Antenna. 


Simple examination shows that the new direction of the radiation maximum 
is at right angles to a uniphase surface, as we would intuitively expect. This 
phenomenon has particular relevance to the design of scanning antennas. 
3.9 Effect on Pattern of Square Law Phase Variation 
If we assume a constant amplitude and a square law phase variation 
(x) = — Bix" 
over the aperture a/2 < x < a/2 then the substitution 
Qn. 
—sina 


ih X 
ey Oo 


(44) 
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reduces (36) to the form 


F(a) = Layee | gt dX 


Equation (45) can be evaluated with the help of Fresnel’s Integrals 
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Fig. 14—Patterns of Rectangular Apertures with Square Law Phase Variation. 
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(45) 


which are tabulated‘, or from Cornu’s Spiral which is a convenient graphical 
representation of the Fresnel Integrals. 
Typical computed patterns for apertures with square law phase variations 
are plotted in Fig. 14. These theoretical curves can be applied to the fol- 
lowing important practical problems. 
(1) The pattern of an electromagnetic horn. 


4 For numerical values of Fresnel’s Integrals and a plot of Cornu’s Spiral see Jahnke 


and Emde, Tables of Functions B. G. Teubner, Leipzig, 


York City, 1943, 


1933, or Dover Publications, New 
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(2) The defocussing of a reflector or lens due to improper placing of the 

primary feed. 

(3) The defocussing of a zoned reflector or lens due to operation at a fre- 

quency off mid-band. 

In addition to providing distant patterns of apertures with curved wave 
fronts (44) provides theoretical ‘close in’ patterns of antennas with plane 
wave fronts. This arises from the simple fact that a plane aperture appears 
as a curved aperture to close in points. The degree of curvature depends 
on the distance and can be evaluated by extremely simple geometrical con- 
siderations. When this has been done we find that Fig. 14 represents the 
so-called Fresnel diffraction field. 

With this interpretation of square law variation of the aperture we can 
examine several additional useful problems. We can for instance justify 
the commonly used relation 


2a” 
aS 
for the minimum permissible distance of the field source from an experi- 
mental antenna test site. This distance produces an effective phase curva- 
ture of \/16. We can examine optical antenna systems employing large 
primary feeds, in particular those employing parabolic cylinders illuminated 
by line sources. 


3.10 Effect on Pattern of Cubic Phase Variation 


If we assume a constant amplitude and a cubic phase variation ¢'(x) = 
— kx! over the aperture from —a/2 < x < a/2 then equation (36) becomes 


lS ga, 3 : 
F(a) = [ grits’ ite Mzsina, gy (46) 
-a/2 . 
If kyx* < z then it is a fairly good approximation to write 
ett? 1 — abet - Be Ps (47) 


from which it follows that (46) can be tes since it reduces to a sum of 
three terms each of which can be integrated. 

Typical computed patterns for apertures with cubic phase variation are 
plotted in Figs. 15 and 16. Cubic phase distortions are found in practice 
when reflectors or lenses are illuminated by primary feeds which are off axis 
either because of inaccurate alignment or because beam lobing or scanning 
through feed motion is desired. The beam distortion due to cubic phase 
variation is known in optics as ‘coma’ and the increased unsymmetrical lobe 
which is particularly evident in Fig. 16 is commonly called a ‘coma lobe’. 
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Fig. 15—Pattern of Rectangular Antenna with Cubic Phase Variation. 
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Fig. 16—Pattern of Rectangular Antenna with Cubic Phase Variation. 
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3.11 Two General Methods 


In sections 3.7 and 3.8 we integrated (36) by expressing a’ (x)e*’ asasum 
of terms of the form e“*. Since a’(x)e*’™ for finite amplitudes in a finite 
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aperture can always be expressed as a Fourier sum of this form this solution 
can in principle always be found. 
Alternatively in section 3.10 the integral was evaluated as a sum of inte- 


grals of the general type / x"e"* dx. Since a’(x)e*’ for finite amplitudes 


in a finite aperture can always be expressed in terms of a power series, 
this solution can also in principle always be found. 


3.12 Arrays 


When the aperture consists of an array of component or unit apertures 
the evaluation of (36) must be made in part throughasummation. Whenall 
of the elementary apertures are alike this summation can be reduced to the 
determination of an ‘Array Factor’. ‘The pattern of the array is given by 
multiplying the array factor by the pattern of a single unit. 

The pattern of an array of identical units spaced equally at distances some- 
what less than a wavelength can be proved to be usually almost equivalent 
to the pattern of a continuous wave front with the same average energy 
density and phase in each region. 


3.13 Limitations to Antenna W ave Front Analysis 


Through the analysis of antenna characteristics by means of wave front 
theory as based on equation (17) we have been able to demonstrate some of 
the fundamental theoretical principles of antenna design. The use of this 
simple approach is justified fully by its relative simplicity and by its applica- 
bility to the majority of radar antennas. Nevertheless it cannot always be 
used. It will’certainly be inaccurate or inapplicable in the following cases: 

(1) When any dimension of the aperture is of the order of a wavelength 
or smaller (as in many primary feeds). 

(2) Where large variations in the amplitude or phase in the aperture occur 
in distances which are of the order of a wavelength or smaller (as in 
dipole arrays). 

(3) Where the antenna to be considered does not act essentially through 
the generation of a plane wave front (as in an end fire antenna or a 
cosecant antenna). 

When the wave front analysis breaks down alternative satisfactory ap- 
proaches based on Maxwell’s equation are sometimes but not always fruit- 
ful. Literature on more classical antenna theory is available in a variety of 
sources.’ For much fundamental and relevant theoretical work the reader 
is referred to Schelkunoff.° 


5S. A. Schelkunoff, Loc. Cit. 
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4. APPLICATION OF GENERAL PRINCIPLES 


In the foregoing sections we have provided some discussion of what hap- 
pens to a radar signal from the time that the pulse enters the antenna on 
transmission until the time that the reflected signal leaves the antenna on 
reception. We have for convenience divided the principles which chiefly 
concern us into three groups, transmission line theory, transmission prin- 
ciples and wave front theory. 

With the aid of transmission line theory we can examine problems con- 
cerning locally guided or controlled energy. The details of the problems of 
antenna construction, such as those to be discussed in Part II frequently 

‘demand a grasp of transmission line theory. With it we can study local 
losses, due to resistance or leakage, which affect the gain of the antenna. 
We can examine reflection problems and their effect on the match of the 
antenna. Specialantennas, suchas those employing phase shifters or trans- 
mission between parallel conducting plates, introduce many special prob- 
lems which lie wholly or partly in the transmission line field. 

An understanding of the principles which govern transmission through 
free space aids us in comprehending the radar antenna field as a whole. 
Through a general understanding of antenna gains and effective areas we 
are better equipped to judge their significance in particular cases, and to 
evaluate and control the effects of particular methods of construction on 
them. : 

Wave front theory provides us with a powerful method of analysis through 
which we can connect the radiation characteristics produced by a given 
antenna with the radiating currents in the antenna. Through it we can 
examine theoretical questions concerning beam widths and shape, unwanted 
radiation and gain. 

An understanding of theory is necessary to the radar antenna designer, 
but it is by no means sufficient. It is easy to attach too much importance 
to theoretical examination and speculation while neglecting physical facts 
which can ‘make or break’ an antenna design. Theory alone provides no 
substitute for the practical ‘know how’ of antenna construction. It cannot 
do away with the necessity for careful experiment and measurement. Least 
of all can it replace the inventiveness and aggressive originality through 
which new problems are solved and new techniques are developed. 


PART II ea 
METHODS OF ANTENNA CONSTRUCTION 
5. GENERAL 


Techniques are essential to technical accomplishment. An understanding 
of general principles alone is not enough. The designing engineer must have 
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at his disposal or develop practical methods which can produce the results 
he requires. The effectiveness and simplicity of these methods are fair 
measures of the degree of technical development. 

The study of methods of radar antenna construction is the study of the 
means by which radar antenna requirements are met. In a broader sense 
this includes an examination of mechanical structures, of the metals and 
plastics from which antennas are made, of the processes by which they are 
assembled, and of the finishes by which they are protected from their envi- 
ronment. It might include a study of practical installation and maintenance 
procedures. But these matters, which like the rest of Radar have unfolded 
widely during the war, are beyond the scope of this paper. An adequate 
discussion of them would have to be based on hundreds of technical reports 
and instruction manuals and on thousands of manufacturing drawings. The 
account of methods which is to follow will therefore be restricted to a dis- 
cussion, usually from the electrical point of view, of the more useful and 
common radar antenna configurations. 


6. CLASSIFICATION OF METHODS 


During the history of radar, short as it is, many methods of antenna con- 
struction have been devised. To understand the details of all of these 
methods and the diverse applications of each is a task that lies beyond the 
ability of any single individual. Nevertheless most of the methods fall into 
one or another of a limited collection of groups or classifications. We can 
grasp most of what is generally important through a study of these groups. 

In order to provide a basis for classification we will review briefly, from a 
transmitting standpoint, the action of an antenna. Any antenna is ina 
sense a transformer between a transmission line and free space. More 
explicitly, it is a device which accepts energy incident at its terminals, and 
converts it into an advancing electromagnetic wave with prescribed ampli- 
tude, phase and polarization over an area. In order to do this the antenna 
must have some kind of energy distributing system, some means of amplitude 
control and some means of phase control. The distributed energy must be 
suitably controlled in phase, amplitude and polarization. 

All antennas perform these functions, but different antennas perform 
them by different means. Through an examination of the means by which 
they are performed and the differences between them we are enabled to 
classify methods of antenna construction. 

To distribute energy over its aperture an antenna can use a branching 
system of transmission lines. When this is done the antenna is an array. 
Arrays are particularly common in the short wave communication bands, 
but somewhat less common in the microwave radar bands. Ina somewhat 
simpler method the antenna distributes energy over an area by radiating it 
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from an initial source or ‘primary feed’. This distribution can occur in 
both dimensions at once, as from a point source. Alternatively the energy 
can be radiated from a primary source but be constrained to lie between 
parallel conducting plates so that it is at first distributed only over a long 
narrow aperture or ‘line source’. Distribution over the other dimension 
occurs only after radiation from the line source. 

In order to control the amplitude across the aperture of an array antenna 
we must design the branching junctions so that the desired power division 
occurs in each one. When the energy is distributed by radiation from a 
primary source we must control the amplitude by selecting the proper pri- 
mary feed directivity. 

We can control the phase of an array antenna by choosing properly the 
lengths of the branching lines. Alternatively we can insert appropriate 
phase changers in the lines. 

When the energy is distributed by primary feeds, methods resembling 
those of optics can be used to control phase. The radiation from a point 
source is spherical in character. It can be ‘focussed’ into a plane wave by 
means of a paraboloidal reflector or by a spherical lens. The radiation from 
a point source between parallel plates or from a uniphase line source is 
cylindrical in character. It can be focussed by a parabolic cylinder or a 
cylindrical lens. 

In Table A we have indicated a possible classification of methods of radar 
antenna construction. ‘This classification is based on the differences dis- 
cussed in the foregoing paragraphs. 


TaBLe A 
CLASSIFICATION OF METHODS OF RADAR ANTENNA CONSTRUCTION 
Dipoles 
Polyrod: 
r Arrays of gia 
Optical Elements 
Methods Dipole Arrays 
f Radar Sake 
Antenna [ Point 1 via Guide 
Construc sources Apertures 
tion f Spherical } and 
Optics I Spherical Reflectors 
Optical Elements 
Methods Lenses 
Arrays 
Line Reflectors 
Cylindrical | S°UTCeS Lenses 
Optics and 
Cylindrical Reflectors 
Elements 


Lenses 
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7. Bastc DEsIGN FORMULATION 


Certain design factors are common to almost all radar antennas. Because 
of their importance it would be well to consider these factors in a general 
way before proceeding with a study of particular antenna techniques. 

Almost every radar antenna, regardless of how it is made, has a well de- 
fined aperture or wave front. Through wave front analysis we can often 
examine the connections between the Huygens sources in the antenna aper- 
ture and the radiation characteristics of the antenna. We can, in other 
words, use wave front analysis to study the fundamental antenna design 
factors, provided the analysis does not violate one of the conditions of 
section 3.13. 


7.1 Dimensions of the Aperture 


The dimensions of the aperture of a properly designed antenna are related 
to its gain by simple and general approximate relations. If the aperture is 
uniphase and has an amplitude distribution that is not too far from constant 
the relation 


4nA 
Se 
is useful in connecting the gain of an antenna with the area of its aperture. 
The effective area is related to the area of the aperture by the equation 


A=7nS 


where 7 is an efficiency factor. In principle 7 could have any value but in 
practice for microwave antennas 7 has always been less than one. Its value 
for most uniphase and tapered amplitude antennas is between 0.4 and 0.7. 
In special cases, e.g. for cosecant antennas or for some scanners its value 
may be less than 0.4. 

The necessary dimensions for the aperture may be determined from the 
required beam widths in two perpendicular directions. Beam widths are 
usually specified as half power widths, that is by the number of degrees 
between directions for which the one way response is 3 db below the maxi- 
mum response. Figure 11 shows that for an ideal rectangular antenna with 


uniform phase, polarization and amplitude apj,= 51 s degrees where apj2 = 
half power width in degrees, a = aperture dimension and A = wavelength. 
The relation apy, = 65 x degrees is more nearly correct for the majority of 


practical antennas with round or elliptical apertures and with uniform phase 
and reasonably tapered amplitudes. 
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7.2 Amplitude Distribution 


Except where special, in particular cosecant, patterns are desired the 
principle factors affecting amplitude distribution are efficiency and required 
minor lobe level. The amplitude distribution or taper of an ideal uniphase 
rectangular wave front affects the minor lobe level as indicated by Figures 11, 
12and13. Practical antennas tend to fall somewhat below this ideal picture 
because of non-uniform phase and because of variations from the ideal 
amplitude distribution due to discontinuities in the aperture and undesired 
leakage or spillover of energy. Neverthelessa commonly used rule of thumb 
is that minor lobes 20 db or more below the peak radiation level are tolerable 
and will not be exceeded with a rounded amplitude taper of 10 or 12 db. 


7.3. Phase Control 


Uniphase wave fronts are used whenever a simple pattern with prescribed 
gain, beam widths and minor lobes is to be obtained with minimum aperture 
dimensions. When special results are desired such as cosecant patterns or 
scanning beams the phase must be varied in special ways. 

Mechanical tolerances in the antenna structure make it impossible to hold 
phases precisely to the desired values. The accuracy with which the phases 
can be held constant in practice varies with the technique, the antenna size 
and the wave length. Undesired phase variations increase the minor lobes 
and reduce the gain of an antenna. The extent to which phase variations 
can be expected to reduce the gain is indicated in Fig. 17. 


8. PaRABoLic ANTENNAS 


The headlights of a car or the searchlights of an antiaircraft battery use 
reflectors to produce beams of light. Similarly the majority of radar anten- 
nas employ reflectors to focus beams of microwave energy. These reflectors 
may be exactly or approximately parabolic or they may have special shapes 
to produce special patterns. If they are parabolic they may be paraboloids 
which are illuminated by point sources and focus in both directions, or they 
may be parabolic cylinders which focus in only one direction. If they are 
parabolic cylinders they may be illuminated by line sources or they may be 
confined between parallel conducting plates and illuminated by point sources 
to produce line sources. 


8.1 Control of Phase 


A simple and natural way to distribute energy smoothly in space is to 
radiate it from a relatively nondirectional ‘primary’ source such as a dipole 
array or an open ended wave guide. This energy will be formed into a direc- 
tive beam if a reflector is introduced to bring it to a plane area or wave front 
with constant phase. If the primary source is effectively a point as far as 
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phase is concerned, that is if the radiated energy has the same phase for all 
points which are the same distance from a given point, then the reflector 
should be parabolic. This can be proved by simple geometrical means. 

In Fig. 18 let the point source S coincide with the point x = f, y = O 
of a coordinate system and let the uniphase wave front coincide with the 
line x = f. Let us assume that one point O of the reflector is at the origin. 
Then it can be shown that any other point of the reflector must lie on the 
curve 


y= Af 
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Fig. 17—Loss due to Phase Variation in Antenna Wave Front. 


This is a parabola with focus at f, o and focal length f. 

The derivation based on Fig. 18 is two dimensional and therefore in 
principle applies as it stands only to line source antennas employing para- 
bolic cylinders bounded by parallel conducting planes (Fig. 24 and 25). If 
Fig. 18 is rotated about the X axis the parabola generates a paraboloid of 
revolution (Fig. 3). This paraboloid focusses energy spreading spherically 
from the point source at S in such a way that a uniphase wave front over a 
plane area is produced. Alternatively Fig. 18 can be translated in the Z 
direction perpendicular to the XY plane. The parabola then generates a 
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parabolic cylinder and the point source S generates a line source at the focal 
line of the parabolic cylinder (Fig. 19). The energy spreading cylindrically 
from the line source is focussed by the parabolic cylinder in such a way that 
a uniphase wave front over a plane area is again produced. Parabolic 
cylinders and paraboloids are both used commonly in radar antenna practice. 

In the discussion so far it has been assumed that the primary sour¢e is 
effectively a point source and that the reflector is exactly parabolic. If the 
primary source is not effectively a point source, in other words if it produces 
waves which are not purely spherical, then the reflector must be distorted 
from the parabolic shape if it is to produce perfect phase correction. When 








VERTEX 


Nev?ea tx 





DIRECTRIX 
Fig. 18—Parabola. 


this occurs the correct reflector shape is sometimes specified on the basis of 
an experimental determination of phase. 


8.2 Control of Amplitude 


When a primary source is used to illuminate a parabolic reflector there 
are two factors which affect the amplitude of the resulting wave front. One 
of these is of course the amplitude pattern of the primary source. The other 
is the geometrical or space attenuation factor which is different for different 
parts of the wave front. In most practical antennas each of these factors 
tends to taper the amplitude so that it is less at the edges of the antenna 
than it isin the central region. The effective area of the antenna is reduced 
by this taper. 

In any finite parabolic antenna some of the energy radiated by the primary 
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source will fail to strike the reflector. The effective area must also be re- 
duced by the loss of this ‘spill-over’ energy. 

The maximum effective area for a parabolic antenna is obtained by design- 
ing the primary feed to obtain the best compromise between loss due to 
taper and loss due to spill-over. It has been shown theoretically that this 
best compromise generally occurs when the amplitude taper across the 
aperture is about 10 or 12 dé and that in the neighborhood of the optimum 
the efficiency is not too critically dependent on the taper.° 

This theoretical result is well justified by experience and has been applied 
to the majority of practical parabolic antennas. It applies both when the 
reflector is paraboloidal so that taper in both directions must be considered 
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Fig. 19—A Parabolic Cylinder with Line Feed. 


and when the reflector is a parabolic cylinder with only a single direction 
of taper. It isa fortunate by-product of a 10 or 12 db taper that it is gen- 
erally sufficient to produce satisfactory minor lobe suppression. 


8.3 Choice of Configuration 


We have shown how a simple beam can be obtained through the use of a 
paraboloidal reflector with a point source or alternatively through the use 
of a reflecting parabolic cylinder and a line source. The line source itself 
can be produced with the help of a parabolic cylinder bounded by parallel 
conducting plates. We will now outline certain practical considerations. 
These considerations may determine which of the two reflector types will be 


6. C. Cutler, Parabolic Antenna Design for Microwaves, paper to be published in Proc. 
of the I. R. E. 
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used for a particular job. They may help in choosing a focal length and in 
determining which finite portion of a theoretically infinite parabolic curve 
should be used. Finally they may assist in determining whether reflector 
technique is really the best for the purpose at hand or whether we could do 
better with a lens or an array. 

In designing a parabolic antenna it must obviously be decided at an early 
stage whether a paraboloid or one or more parabolic cylinders are to be 
employed. This choice must be based on a number of mechanical and elec- 
trical considerations. Paraboloids are more common in the radar art than 
parabolic cylinders and are probably to be preferred, yet a categorical a 
priori judgment is dangerous. It will perhaps be helpful to compare the 
two alternatives by the simple procedure of enumerating some features in 
which each is usually preferable to the other. 

Paraboloidal antennas 

(a) are simpler electrically, since point sources are simpler than line 

sources. 

(b) are usually lighter. 

(c) are more efficient. 

(d) have better patterns in the desired polarization. 

(e) are more appropriate for conical lobing or spiral scanning. 

Antennas employing parabolic cylinders 

(a) are simpler mechanically since only singly curved surfaces are 

required. 

(b) have separate electrical control in two perpendicular directions. 

This last advantage of parabolic cylinders is important in special antennas, 
many of which will be described in later sections. It is useful where an- 
tennas with very large aspect ratios (ratio of dimensions of the aperture in 
two perpendicular directions) are desired. It is highly desirable where con- 
trol in one direction is to be achieved through some special means, as in 
cosecant antennas, or in antennas which scan in one direction only. 

Let us suppose that we have selected the aperture dimensions and have 
decided whether the reflector is to be paraboloidal or cylindrical. The 
reflector is not yet completely determined for we are still free in principle to 
use any portion of a parabolic surface of any focal length. In order to 
obtain economy in physical size the focal length is generally made between 
0.6a and 0.25a where ‘a’ is the aperture. For the same reason a section of 
the reflecting surface which is located symmetrically about the vertex is 
often chosen (Figures 3 and 19). 

When a symmetrically located section of the reflector is used certain diffi- 
culties are introduced. These difficulties, if serious enough so that their 
removal justifies some increase in size can be bypassed through the use of an 
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offset section as shown in Fig. 20. We can comment on these difficulties as 
follows: 

1. The presence of the feed in the path of the reflected energy causes a 
region of low intensity or ‘shadow’ in the wave front. The effect of 
this shadow on the antenna pattern depends on the size and shape of 
the feed and on the characteristics of the portion of-the wave front 
where it is located. Its effect is to subtract from the undisturbed 
pattern a ‘shadow pattern’ component which is broad in angle. This 
decreases the gain and increases the minor lobes as indicated in Fig. 21,7 


DIRECTION OF 
PROPAGATION 





Fig. 20—Offset Parabolic Section. 


2. Return of reflected energy into the feed introduces a standing wave 
of impedance mismatch in the feed line which is constant in amplitude 
but varies rapidly in phase as the frequency is varied. A mismatch at 
the feed which cancels the standing wave at one frequency will add to 
it at another frequency. A mismatch which will compensate over a 
band can be introduced by placing a raised plate of proper dimensions 
at the vertex of the reflector as indicated in Fig. 22, but such a plate 
produces a harmful effect on the pattern. In an antenna which must 
operate over a broad band it is consequently usually better to match 


7 Figures 21, 22, and 23 are taken from C. C. Cutler, loc. cit. 
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Fig. 22—Apex Matching Plate for Improving the Impedance Properties of a Parabola. 
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the feed to space and accept the residual standing wave, or if this is 
too great to use an offset section of the parabolic surface. 


8.4 Feeds for Paraboloids 


We have seen that an antenna with good wave front characteristics and 
consequently with a good beam and pattern can be constructed by ilu- 
minating a reflecting paraboloid with a properly designed feed placed at its 
focus. In this section we will examine the characteristics which the feed 
should have and some of the ways in which feeds are made in practice. 

A feed for a paraboloid should 

a. be appropriate to the transmission line with which it is fed. This is 
sometimes a coaxial line but more commonly a waveguide. 

b. Provide an impedance match to this feed line. This match should 
usually be obtained in the absence of the reflector but sometimes, for 
narrow band antennas, with the reflector present. 

c. have a satisfactory phase characteristic. For a paraboloid the feed 
should be, as far as phase is concerned, a true point source radiating 
spherical waves. As discussed at the end of 8.1, if the wave front is 
not accurately spherical, a compensating correction in the reflector can 
be made. E 

d. have a satisfactory amplitude characteristic. According to 8.2 this 
means that the feed should have a major radiation lobe with its maxi- 
mum striking the center of the reflector, its intensity decreasing 
smoothly to a value about 8 to 10 db below the maximum in the direc- 
tion of the reflector boundaries and remaining small for all directions 
which do not strike the reflector. 

e. have a polarization characteristic which is such that the electric vec- 
tors in the reflected wave front will all be polarized in the same di- 
rection. 

‘f. not disturb seriously the radiation characteristics of the antenna as a 
whole. The shadow effect of the feed, the feed line and the necessary 
mechanical supports must be small or absent. Primary radiation from 
the feed which does not strike the reflector or reflected energy which 
strikes the feed or associated structure and is then reradiated must be 
far enough down or so controlled that the antenna pattern is as 
required. 

In addition to the electrical requirements for a paraboloid feed it must of 
course be so designed that all other engineering requirements are met, it 
must be firmly supported in the required position, must be connected to the 
antenna feed line ina satisfactory manner, must sometimes be furnished with 
an air tight or water tight seal, and so forth. 
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From the foregoing it is evident that a feed for a paraboloid is in itself a 
small relatively non-directive antenna. Its directivity is somewhat less 
than that obtained with an ordinary short wave array. It is therefore not 
surprising that dipole arrays are sometimes used in practice to feed 
paraboloids. 

Asimple dipole or half wave doublet can in itself be used to feed a parabo- 
loid, but it is inefficient because of its inadequate directivity. It is prefer- 
able and more common to use an array in which only one doublet is excited 
directly and which contains a reflector system consisting of another doublet 
or a reflecting surface which is excited parasitically. 

Dipole feeds although useful in practice have poor polarization charac- 
teristics and although natural when a coaxial antenna feed line is used are 
less convenient when the feed line is a waveguide. Since waveguides are 
more common in the microwave radar bands it is to be expected that wave- 
guide feeds would be preferred in the majority of paraboloidal antennas. 

The most easily constructed waveguide feed is simply an open ended 
waveguide. It is easy to permit a standard round or rectangular waveguide 
transmitting the dominant mode to radiate out into space toward the parabo- 
loid. It will do this naturally with desirable phase, polarization and ampli- 
tude characteristics. It is purely coincidental, however, when this results 
in optimum amplitude characteristics. It is usually necessary to obtain 
these by tapering the feed line to form a waveguide aperture of the required 
size and shape. The aperture required may be smaller than a standard 
waveguide cross section so that its directivity will be less. In this case it 
may be necessary to ‘load’ it with dielectric material so that the power can 
be transmitted. It may be greater, in which case it is sometimes called an 
‘electromagnetic horn’. It may be greater in one dimension and less in the 
other, as when a paraboloidal section of large aspect ratio is to be illuminated. 

If a single open ended waveguide or electromagnetic horn is used to feed 
a section of the paraboloid which includes the vertex, the waveguide feed 
line must partially block the reflected wave in order to be connected to the 
feed. To avoid this difficulty several rear waveguide feeds have been used. 
In this type of feed the waveguide passes through the vertex of the parabo- 
loid and serves to support the feed at the focus. The energy can be caused 
to radiate back towards the reflector in any one of several ways, some of 
which involve reflecting rings or plates or parasitically excited doublets. 
The ‘Cutler’ feed® is perhaps the most successful and common rear feed. It 
operates by radiating the energy back towards the paraboloid through two 
apertures located and excited as shown in Fig. 23. 


8C.C. Cutler, Loc. Cit. 
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8.5 Parabolic Cylinders between Parallel Plates 


In 8.0 we saw that parabolic cylinders may be illuminated by line sources 
or that they may be confined between parallel plates and illuminated by 
point sources to produce line sources. In either of these two cases the char- 
acteristics which the feed should have are specified accurately by the con- 
ditions stated at the beginning of 8.4 for paraboloidal feeds with the excep- 
tions that condition ¢ must be reworded so that it applies to cylindrical 
rather than to spherical optics. 

We will first consider parabolic cylinders bounded by parallel plates 
because in doing so we describe in passing one form of feed for unbounded 
parabolic cylinders. Two forms of transmission between parallel plates 
are used in practice. 











Fig. 23—Dual Aperture Rear Feed Horn. 


a. The transverse electromagnetic (TEM) mode in which the electric 
vector is perpendicular to the plates. This is simply a slice of the 
familiar free space wave and can be propagated regardless of the spacing 
between the plates. It is the only mode that can travel between the 
plates if they are separated less than half a wavelength. Its velocity 
of propagation is independent of plate spacing. 

b. The TE; mode in which the electric vector is parallel to the plates. 
This mode is similar to the dominant mode in a rectangular waveguide 
and differs from it only in that it is not bounded by planes perpen- 
dicular to the electric vector. It can be transmitted only if the plate 
spacing is greater than half a wavelength, is the only parallel mode 
that can exist if the spacing is under a wavelength and is the only sym- 
metrical parallel mode that can exist if the plate spacing is under three 
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halves of a wavelength. Its phase velocity is determined by the plate 
spacing in a manner given by the familiar waveguide formula 


c 


where ‘c’ is the velocity of light, ¢ is the dielectric constant relative to 
free space of the medium between the plates, \ is the wavelength in 

air and ‘a’ is the plate spacing. 
The TEM mode between parallel plates can be generated by extending 
the central conductor of a coaxial perpendicularly into or through the wave 
space and backing it up with a reflecting cylinder as indicated in Fig. 24. 
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Fig. 24—Parabolic Cylinder Bounded by Parallel Plates. Probe Feed. 


Alternatively this mode can be generated as indicated by Fig. 25 by a wave- 
guide aperture with the proper polarization. 

The TEo: mode, when used, is usually generated by a rectangular wave- 
guide aperture set between the plates with proper polarization as indicated 
in Fig. 25. Care must be taken that only the desired mode is produced. 
The TEM mode will be unexcited if only the desired polarization is present 
in the feed. The next parallel mode is unsymmetrical and therefore even 
if it can be transmitted will be unexcited if the feed is placed symmetrically 
with respect to the two plates. 

Parallel plate antennas as shown in figures 24 and 25 are useful where 
particularly large aspect ratios are required. The aperture dimension per- 
pendicular to the plates is equal to the plate spacing and therefore small. 
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It can be increased somewhat by the addition of flares. The other dimen- 
sion can easily be made large. 





Fig. 25—Parabolic Cylinder Bounded by Parallel Plates. Wave Guide Feed. 





Fig. 26.—Experimental 7’ x 32’ Antenna. 


8.6 Line Sources for Parabolic Cylinders 


A line source for a parabolic cylinder is physically an antenna with a long 
narrow aperture. Any means for obtaining such an aperture can be used in 
producing a line source. Parallel plate systems as described in 8.5 have 
been used as line sources in several radar antennas. The large (7’ x 32’) 
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experimental antenna shown in Fig. 26 was one of the first to illustrate the 
practicality of this design. 

The horizontal pattern of the 7’ x 32’ antenna is plotted in Fig. 27. The 
horizontal beam width is seen to be of the order of 0.7 degrees. 

The antenna illustrated in Fig. 26 is interesting in another way for it is a 
good example of a type of experimental construction which was extremely 
useful in wartime antenna development. Research and development engi- 
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Fig. 27—7’ x 32’ Antenna, Horizontal Pattern. 


neers found that they could often save months by constructing initial 
models of wood. Upon completion of a wooden model electrically im- 
portant surfaces were covered with metal foil or were sprayed or painted 
with metal. Thus, where tolerances permitted, the carpenter shop could 
replace the relatively slow machine shop. 

Another form of parallel plate line feed results when a plastic lens is placed 
between parallel plates and used as the focussing element. A linear array 
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of elements excited with the proper phase and amplitude can also be . 
used. Some discussion of alternative approaches will appear in the section 
on scanning techniques. 


8.7 Tolerances in Parabolic Antennas 


The question of tolerances will always arise in practice. Ideal dimensions 
are only approximated, never reached. The ease of obtaining the required 
accuracy is an important engineering factor. 

The tolerances in paraboloidal antennas or in parabolic cylinders illu- 
minated by line sources can be divided into three general classes: 

(a) Tolerances on reflecting surfaces. 

(b) Tolerances on spacial relationships of feed and reflector. 

(c) Tolerances on the feed. 

When the actual reflector departs from the ideal parabolic curve deviations 
in the phase will result. These will tend to reduce the gain and increase the 
minor lobes. The effects of such deviations on the gain can be estimated 
with the help of Fig. 17. We should recall that an error of o in the reflector 
surface will produce an error of about 2c in the phase front. Based on this 
kind of argument and on experience reflector tolerances are generally set in 


r d 
pragtice to about + 16% + 32 depending on the amount of beam deteriora- 


tion that can be permitted. 

In Fig. 28 are compared some electrical characteristics of two paraboloidal 
antennas, one employing a precisely constructed paraboloidal searchlight 
mirror and the other a carefully constructed wooden paraboloidal reflector 
with the same nominal contour. This comparison is revealing for it shows 
the harm that can be done even by small defects in the reflector surface. 
Although the two patterns are almost identical in the vicinity of the main 
beam, the general minor lobe level of the wooden reflector remains higher 
at large angles and its gain is less. 

Tt must not, however, be assumed that a solid reflecting surface is neces- 
sary to insure excellent results. Any reflecting surface which reflects all 
or most of the power is satisfactory provided that itis properly located. Per- 
forated reflectors, reflectors of woven material and reflectors consisting of 
gratings with less than half wavelength spacing are commonly used in radar 
antenna practice. These reflectors tend to reduce weight, wind or water 
resistance and visibility. Many of them will be described in Part III of 
this paper. 

The feed of a parabolic reflector should be located so that its phase center 
coincides with the focus of the reflector. If it is located at an incorrect dis- 
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tance from the vertex a circular curvature of phase results and the system 
is said to be ‘defocussed’ (Sec. 3.9). As the feed is moved off the axis of ” 
the reflector the first effect is a shifting of the beam due to a linear variation 
of the phase (Sec. 3.8). For greater distances off axis a cubic component of 
phase error becomes effective (Sec. 3.10). Phase error, whether circular, 
cubic or more complex, results in a reduction in gain and usually in an in- 
crease of minor lobes. Although the effects of given amounts of phase curva- 
ture on the radiation characteristics of an antenna can be estimated by theo- 
retical means, it is usually easier and quicker to find them experimentally. 
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Fig. 28—Effect of Small Inaccuracies in Reflector. 


The tolerances on the feed itself appear in various forms, many of which 
can be examined with the aid of transmission line theory and most of which 
are too detailed for discussion in this paper. It is generally true here also 
that experiment is a more effective guide than theory. 

Experience has shown that when parallel plate systems are used, either 
as complete antennas or as line feeds for other elements, tolerances on the 
parallel conducting plates must be considered carefully. It is obvious that 
when the TEs: mode is used the plate spacing must be held closely, since 
the phase velocity is related to the spacing. This spacing can be controlled 
through the use of metallic spacers perpendicular to the plates. These 
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spacers, if small enough in cross section, do not disturb things unduly. 
The velocity of the TEM mode is, on the other hand, almost independent of 
the plate spacing. This mode is, however, more likely to cause trouble by 
leaks through joints and cracks in the plates. 


9. METAL PLATE LENSES 


At visible wavelengths lenses have, in the past, been far more common 
than in the microwave region, due chiefly to the absence of satisfactory lens 
materials. A solid lens of glass or plastic with a diameter of several feet is a 
massive and unwieldy object. By zoning, which will be discussed below, 
these difficulties can be reduced but they still remain. 

A new lens technique, particularly effective in the microwave region was 
developed by the Bell Laboratories during the war.’ It is evident that any 
material in which the phase velocity is different from that of free space can 
be used to make a phase correcting lens. ‘The material which is used in this 
new technique is essentially a stack of equally spaced metal plates parallel 
to the electric vector of the wave front and to the direction of propagation. 
Lenses made from this material are called ‘Metal Plate Lenses’. 

When the spacing between neighboring plates is between \/2 and \ only 
one mode with electric vector parallel to the plates can be transmitted. 
This is the TEp: mode for which the phase velocity is given in Sec. 8.5. 
When the medium between the plates is air this equation can be converted 


into the expression 
& _(X» 
v= 4/1-(x) 


for the effective index of refraction. Here ) is the wavelength in air and a 
is the plate spacing. 

As a varies between \/2 and }, N varies as indicated in Fig. 29. In the 
neighborhood of a = 3, N is not far from 1 and as a approaches \/2, NV ap- 
proaches 0. Since WV is always less than 1 we see that there is an essential 
difference between metal plate lenses and glass or plastic lenses for which V 
is always greater than 1. This difference is seen in the fact that a glass lens 
corrects phases by slowing down a travelling wave front, while a metal lens 
operates in the reverse direction by speeding it up. This means that a 
convergent lens with a real focus must be thinner in the center than the 
edge, the opposite of a convergent optical lens (Fig. 30). 

Unless the value of W is considerably different from 1 it is evident that 
very thick lens sections must be used to produce useful phase corrections. 
For this reason values of ‘a’ not far from \/2 should be chosen. On the other 
hand values of ‘a’ too close to \/2 would cause undesirably large reflections 


® W. E. Kock, “Metal Lens Antennas”, Proc. I. R. E., Nov., 1946. 
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from the lens surfaces and impose severe restrictions on the accuracy of plate 
spacings. The compromises that have been used in practice are N = 0.5 
for which a = 0.577\ and N = 0.6 for which a = 0.625. 

Even with V = 0.5 or 0.6 lenses become thick unless inconveniently lon 
focal distances are used. Thick lenses are undesirable not only because they 
occupy more space and are heavier but also because the plate spacing must 
be held to a higher degree of accuracy if the phase correction is to be as 
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Fig. 29—Variation of Effective Index of Refraction with Plate Spacing in a Metal 
Plate Lens. 


required. To get around these difficulties the technique of zoning is used. 

Zoning makes use of the fact that if the phase of an electromagnetic vector 
is increased or decreased by any number of complete cycles the effect of the 
vector is unchanged. When applied to a metal plate lens antenna this 
means simply that wherever the phase correction due to a portion of the 
lens is greater than a wavelength this correction can be reduced by some 
integral number of wavelengths such that the residual phase correction is 
under one wavelength. If this is done it is evident that no portion of the 
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lens needs to correct the phase by more than one wavelength. It follows 
that no portion of the lens need to be thicker than /(1 — NY). 
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Fig. 30—Comparison of Dielectric and Metal Plate Lenses. 
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Fig. 31—Comparison of Unzoned and Zoned Metal Plate Lenses. 


A cross section of a typical metal plate lens before and after zoning is 
illustrated in Fig. 31. This figure shows clearly why zoning reduces con- 
siderably the size and mass of a lens. 


° 
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Zoning is not without disadvantages. One disadvantage is obviously 
that a zoned lens which is designed for one frequency will not necessarily 
work well at other frequencies. It is in principle possible to design a broad 
band zoned metal plate lens corresponding to the color compensated lenses 
used in good cameras. So far, however, this has not been necessary since 
band characteristics of simple lenses have been adequate. 

Another difficulty that zoning introduces is due to the boundary regions 
between the zones. The wave front in this region is influenced partly by 
one zone and partly by the other and may asa result have undesirable phase 
and amplitude characteristics. This becomes serious only if especially short 
focal distances are tised. 


9.1 Lens Antenna Configurations 


Any of the configurations which are possible with parabolic reflectors have 
their analogues when metal plate lenses are used. Circular lenses illumi- 
nated by point sources and cylindrical lenses illuminated by line sources are 
not only theoretically possible but have been built and used. Since a lens 
has two surfaces there is actually somewhat more freedom in lens design 
than in reflector design. Metal Plate Lenses have usually been designed 
with one surface flat, but the possibility of controlling both surfaces is 
emerging as a useful design factor where special requirements must be met. 

Feeds for lenses should fulfill most of the same requirements as feeds for 
reflectors. We find a difference in size in lens feeds in that they must gen- 
erally be more directive because of greater ratios of focal length to aperture. 
A difference in kind occurs because the feed is located behind the lens where 
none of the focussed energy can enter the feed or be disturbed by it. Asa 
result some matching and pattern problems which arise in parabolic antennas 
are automatically absent when lenses are used. 

In choosing a design for a lens antenna system with a given aperture one 
must compromise between the large size which is necessary when a long focal 
length is used and the more zones which result if the focal length is made 
short. Most metal plate lenses so far constructed have had focal lengths 
somewhere between 0.5 and 1.0 times the greatest aperture dimension. 


9.2 Tolerances in Metal Plate Lenses 


It is not difficult to see that phase errors resulting from small displace- 
ments or distortions of a metal plate lens are much less serious than those 
due to comparable distortions of a reflector surface. This follows from the 
fact that the lens operates on a wave which passes through it. If a portion 
of the lens is displaced slightly in the direction of propagation it is still 
operating on roughly the same portion of the wave front and gives it the 
same phase correction. If a portion of a reflector were displaced in the 
same way the error in the wave front would be of the order of twice the 
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displacement. Quantitative arguments show that less severe tolerances 
apply to all major structural dimensions of a metal lens antenna. 

It is true of course that the dimensions of individual portions of the metal 
lens must be held with some accuracy. The metal plate spacing determines 
the effective index of refraction of the lens material. Where N = 0.5 it is 
customary to require that this be held to +A/75, and where N = 0.6 to 
+)/50. The thickness of the lens in a given regioa is less critical, and must 


be held to where it is desired to hold the phase front to -+A/16. 


eee 
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Fig. 32 illustrates clearly the drastic way in which the location of a lens 
can be altered without seriously affecting the pattern.” It shows, inci- 
dentally, how a lens may behave well when used as the focussing element 


in a moving feed scanning antenna. 
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Fig. 32—Effect on Pattern of Lens Tilting. 


9.3 Advantages of Metal Plate Lenses 


On the basis of the above discussion we can see that metal plate lenses 
have certain considerable advantages. The most important of these is 
perhaps found in the practical matter of tolerances. It is a comparatively 
simple matter to hold dimensions of small objects to close tolerances but 
quite another thing to hold dimensions of large objects closely under the 
conditions of modern warfare. This advantage emerges with increasing 
importance as the wavelength is reduced. 

Metal plate lenses have contributed a great degree of flexibility to radar 
antenna art. When they are used two surfaces rather than one may be 
controlled, and the dielectric constant can be varied within wide limits. 
Independent control in the two polarizations may be applied. We can con- 
fidently expect that they will become increasingly popular in the radar field. 


10. CosecANT ANTENNAS 


One of the earliest uses of radar was for early warning against aircraft. 
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The skies were searched for possible attackers with antennas which rotated 
continuously in azimuth. An equally important but later use appeared 
with the advent of great bombing attacks. Bombing radars ‘painted’ maps 
of the ground which permitted navigation and bombing during night and 
under even the worst weather conditions. In these radars also the antennas 
were rotated in azimuth, either continuously through 360° or back and forth 
through sectors. 

The majority of radars designed to perform these functions provided verti- 
cal coverage by means of a special vertical pattern rather than a vertical 
scan. It can easily be seen that such a pattern would have to be ‘special.’ 
If we assume, for example, that a bombing plane is flying at an altitude of 
10,000 feet, then the radar range must be 10,000 csc 60° = 11,500 feet if a 
target on the ground at a bomb release angle of 60° from the horizontal is to 
be seen. Such a range would by no means be enough to pick up the target 
at say 10° in time to prepare for bombing, for then a range of 10,000 csc 
10° = 57,600 feet would be required. This range is far more than is neces- 
sary for the 60° angle. It appears then that in the most efficient design the 
radar range and therefore the radar antenna gain, must be different in dif- 
ferent directions. 

The required variation of gain with vertical direction could be specified 
in any one of several ways. It seems natural to specify that a given ground 
target should produce a constant signal as the plane flies towards it at a con- 
stant altitude. Neglecting the directivity of the target this will occur if the 
amplitude response of the antenna is given by E = Eycsc#. This same con- 
dition will apply by reciprocity to an early warning radar antenna on the 
ground which is required to obtain the same response at all ranges from a 
plane which is flying in at a constant altitude. 

This condition is not alone sufficient to specify completely the vertical pat- 
tern of an antenna. For one thing it can obviously not be followed when 
6 = 0, for this would require infinite gain in this direction. Therefore a 
lower limit to the value of @ for which the condition is valid must be set. In 
addition an upper limit less than 90° is specified whenever requirements per- 
mit, since control at high angles is especially difficult. When the limits have 
been set it still remains to specify the magnitude of the constant Ey). This 
can be done by specifying the range in one particular direction. This speci- 
fication must of course be consistent with all the factors that determine gain, 
including the reduction due to the required vertical spread of the pattern. 


10.1 Cosecant Antennas based on the Paraboloid 


It is evident that the standard paraboloidal antennas so far discussed will 
not produce cosecant patterns. These patterns being unsymmetrical will 
result only if the wave front phase and amplitude are especially controlled. 
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On the other hand, because paraboloidal antennas are simple and common 
it is natural that many cosecant designs should be based on them. These 
designs can be classified into two groups, those in which the reflector is 
modified and those in which the feed is modified. 

Some early cosecant antennas were made by introducing discontinuities 
in paraboloidal reflectors as illustrated in Fig. 33. These controlled the 
radiation more or less as desired over the desired cosecant pattern but pro- 
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duced rather serious minor lobes elsewhere. This difficulty can be overcome 
through the use of a continuously distorted surface as illustrated in Fig. 34. 
This reflector, first used at the Radiation Laboratories, is a normal parabo- 
loid in the lower part whereas the upper part is the surface that would be 
obtained by rotating the parabola through the vertex of the upper part about 
its focal point. 

Several types of feed have been used in combination with paraboloids to 
produce cosecant patterns. These are usually arrays which operate on the 
principle that each element is a feed which contributes principally to one 
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region of the vertical pattern. The elements maybe dipoles or waveguide 
apertures fed directly through the antenna feed line or they may'be reflectors 
which reradiate reflected energy originating from a single primary source. 
No matter how excited they must be properly controlled in phase, amplitude 
and directivity. 

Cosecant antennas based on the paraboloid are common and can some- 
times fulfill all requirements with complete satisfaction. Nevertheless they 





Fig. 34—Barrel Cosecant Antenna (Cosecant Energy Downward). 


suffer from certain disadvantages. The most serious of these is that they 
lack resolution at high vertical angles, that is the beam is wider horizontally 
at high angles. This is to be expected for reasons of phase alone, for a 
paraboloidal reflector is, after all, designed to focus in only one direction. If 
phase difficulties were completely absent however, azimuthal resolution at 
high angles would still be destroyed because of cross polarized components of 
radiation. These components arise naturally from doubly curved reflectors, 
even simple paraboloids. They are sometimes overlooked when antennas 
are measured in a one way circuit with a linearly polarized test field, but 
must obviously be considered in radar antennas, 
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10.2 Cylindrical Cosecant Antennas 


Harmful cross polarized radiation is produced by doubly curved reflectors. 
This radiation is difficult to control and therefore undesirable where a closely 
controlled cosecant characteristic at high angles is required. Although not 
at first evident, it seems natural now to bypass polarization: difficulties 
through the use of singly curved cylindrical reflectors. These reflectors if 
illuminated with a line source of closely controlled linear polarization provide 
a beam which is linearly polarized. This beam has also in azimuth approxi- 
mately the directivity of the line source at all vertical angles. It is thus 
superior in two significant respects to cosecant beams produced by doubly 
curved reflecting surfaces. 

A cylindrical cosecant antenna consists of a cylindrical reflector illumi- 
nated by a line source. Part of the cylinder is almost parabolic and con- 
tributes chiefly to the strong part of the beam which lies closest to the hori- 
zontal. This part is merged continuously into a region which departs 
considerably from the parabolic and contributes chiefly to the radiation at 
higher angles. 

Although wave front principles can be used and certainly must not be 
violated, the principles of geometrical optics have been particularly effective 
in the determination of cosecant reflector shapes. The detailed application 
of these principles will not be discussed here. While applying the geo- 
metrical principles the designer must be sure that the over-all size and con- 
figuration of the antenna can produce the results he wants. He must design 
a line source with the desired polarization and horizontal pattern and a 
vertical pattern which fits in with the cosecant design. In addition he must 
take particular care to reduce sources of pattern distortion to a level at 
which they cannot interfere significantly with the lowest level of the cose- 
cant ‘tail’. 


11. Lopinc 


In many of the tactical situations of modern war radar can be used to 
provide fire control information. Radar by its nature determines range and 
microwave radar with its narrow well defined beams is a natural instrument 
for finding directions to a target, whether the missile to be sent to that 
target is a shell, a torpedo or a bomb. In fire control radar, as opposed to 
search or navigational radar, two properties of the antenna deserve par- 
ticular attention. These are the accuracy and the rate with which direc- 
tion to a target can be measured. 

Lobing is a means which utilizes to the fullest extent the accuracy avail- 
able from a given antenna aperture and which increases, usually as far as 
is desired, the rate at which this information is provided and corrected. 
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A lobing antenna which is to provide information concerning one angle only, 
azimuth for example, is capable of producing two beams, one at a time, 
and of switching rapidly from one to the other. This process is called 
Lobe Switching. The two beams are nearly coincident, differing in direction 
by about one beam width. When the signals from the two beams are com- 
pared, they will be equal only if the target lies on the bisector between the 
beams (Fig. 35). The two signals can be compared visually on an indicator 
screen of the radar or they can be compared electrically and fed directly 
into circuits which control the direction of fire. 
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When two perpendicular directions are to be determined, such as the 
elevation and azimuth required by an anti-aircraft battery, four or in prin- 
ciple three discrete beams can be used. Radar antennas designed for solid 
angle coverage more commonly, however, produce a single beam which ro- 
tates rapidly and continuously around a small cone. This rotation is 
known as conical lobing. A comparison of amplitudes in a vertical plane 
can then be used to give the elevation of the target and a similar comparison 
in a horizontal plane to give its azimuth. Here too the electrical signals 
can be compared visually on an indicator screen, but an electrical comparison 
will provide continuous data which can be used to aim the guns and at the 
same time to cause the radar antenna to follow the target automatically. 


11.1 Lobe Switching 


Two methods of lobe switching are common. In one of these the lobing 
antenna is an array of two equally excited elements. Each of these ele- 
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ments occupies one half of the final antenna aperture, and provides a uni- 
phase front across this half. If the two elements were excited with the same 
phase the radiation maximum of the resulting antenna beam would occur 
in a direction at right angles to the combined phase front. If the phase of 
one element is made to lag behind that of the other by 4 small amount, 
60° say, the phase of the combined aperture will of course be discontinuous 
with a step in the middle. This discontinuous phase front will approximate 
with a small error, a uniphase wave front which is tilted somewhat with 
respect to the wave fronts of the elements. The phase shift will there- 
fore result in a slight shift of the beam away from the normal direction. 
When the phase shift is reversed the beam shift will be reversed. Two 
properly designed elementary antennas in combination with a means for 
rapidly changing the’ phase will therefore constitute a lobe switching an- 
tenna, Such an antenna is described more in detail in Sec. 14.6. 

Another method of lobe switching is more natural for antennas based 
on optical principles. In this method two identical feeds are placed side 
by side in the focal region of the reflector. When one of these feeds illu- 
minates the reflector a beam is produced which is slightly off the normal 
axial direction. Illumination by the other feed produces a second beam 
which is equally displaced in the opposite direction. The lobe of the an- 
tenna switches rapidly when the two feeds are activated alternately in rapid 
succession. The antenna must use some form of rapid switching appropri- 
ate to the antenna feed line. In several applications switches are used 
which depend on the rapid tuning and detuning of resonant cavities or 
irises. 


11.2 Conical Lobing 


A conically lobing antenna produces a beam which nutates rapidly about 
a fixed axial direction. This is usually accomplished by rotating or nutat- 
ing an antenna feed in a small circle about the focus in the focal plane of a 
paraboloid or lens. This antenna feed can be a spinning asymmetrical 
dipole or a rotating or nutating waveguide aperture. It can result in a 
beam with linear polarization which rotates as the feed rotates, or prefer- 
ably ina beam for which the polarization remains parallel to a fixed direction. 
The beam itself must be nearly circularly symmetric so that the radar re- 
sponse from a target in the axial direction will not vary with the lobing. 
The reflector or lens aperture is consequently usually circular. 

When the antenna is small it is sometimes easier to leave the feed fixed 
and to produce the lobing by moving the reflector. 


12. RAPID SCANNING 


A lobing radar can provide range and angular information concerning 
asingle target rapidly and accurately but these things are not always enough. 
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It is sometimes necessary to obtain accurate and rapid information from 
all regions within an agular sector. It may be necessary to watch a certain 
region of space almost continuously in order to be sure of picking up fast 
moving targets such as planes. To accomplish any of these ends we must 
use a rapid scanning radar. A rapid scanning radar antenna produces a 
beam which scans continuously through an angular sector. The beam may 
sweep in azimuth or elevation alone or it may sweep in both directions to 
cover a solid angle. An azimuth or elevation scan may be sinusoidal or it 
may occur linearly and repeat in a sawtooth fashion. Solid angle scanning 
may follow a’spiral or flower leaf pattern or it might be a combination of two 
one way scans. A combination of scanning in one direction and lobing in 
the other is sometimes used. 

Scanning antennas must, unfortunately, be constructed in obedience to 
the same principles which regulate ordinary antennas. The same attention 
to phase, amplitude, polarization and losses is necessary if comparable 
results are to be obtained. When scanning requirements are added to 
these ordinary ones new problems are created and old ones made more 
difficult. 

An antenna in order to scan in any specified manner must act to produce 
a wave front which has a constant phase in a plane which is always normal 
to the required beam direction. This can be done in several different ways. 
The simplest of these, electrically, is to rotate a fixed beam antenna as a 
whole in the required fashion. This can be called mechanical scanning. 
Alternatively an antenna array can be scanned if it is made up of suitable 
elements and the relative phases of these elements can be varied appro- 
priately. This can be called array scanning. Thirdly, optical scanning 
can be produced by moving either the feed or the focussing element of a 
suitably designed optical antenna. 


12.1 Mechanical Scanning 


Electrical complexities of other types of rapid scanners are such thatit 
is probably not going too far to say that the required scan should be accom- 
plished by mechanical means wherever it is at all practical. This applies 
to radar antenna scans which occur at a slow or medium rate. Search 
antennas, whether they rotate continuously through 360° or back and forth 
over a sector are scanners in a sense but the scan is usually slow enough to 
be performed by rotating the antenna structure as a whole, As the scan 
becomes more rapid, mechanical problems become more severe and clec- 
trically scanning antennas appear more attractive. 

Mechanical ingenuity has during the war extended the range in which 
mechanical scanners are used. One important and eminently practical 
mechanical rapid scanner, the ‘rocking horse’ is now in common use (Fig. 
36). This antenna is electrically a paraboloid of elliptical aperture illu- 
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minated by a horn feed, a combination which produces excellent electrical 
characteristics. The paraboloid and feed combination is made structurally 
strong and is pivoted to permit rotational oscillation in a horizontal plane. 
It is forced to oscillate by a rigid crank rod which is in turn driven by an 
eccentric crank ona shaft. The shaft is belt driven by an electric motor and 
its rotational rate is held nearly constant by a flywheel. The mechanical 
arrangement described so far would oscillate rotationally in an approxi- 
mately sinusoidal fashion. Since every action has an equal and opposite 
reaction it would, however, react by producing an oscillatory torque on its 





Fig. 36—Experimental Rocking Horse Antenna. 


mounting. Since the antenna is large and the oscillation rapid this would 
produce a severe and undesirable vibration. To get around this difficulty 
an opposite and balancing rotating moment is introduced into the mechan- 
ical system. This appears in the form of a pivoted and weighted rod which 
is driven from the same eccentric crank by another and almost parallel 
crank arm. 

Although not theoretically perfect the rotational ‘dynamic’ balancing 
described permits the antenna to scan without serious vibration. One form 
of this antenna will be described in a later section. 


12.2 Array Scanning 


During our discussion of general principles in Part II, we saw that an 
antenna wave front can be synthesized by assembling an array of radiating 
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elements and distributing power to it through an appropriate transmission 
line network. If the radiation characteristics of the array are to be as de- 
sired the electrical drive of each element must have a specified phase and 
amplitude. In addition each element must in itself have a satisfactory 
characteristic and the elements must have a proper spacial relationship to 
each other. 

Such array antennas have been extremely useful in the ‘short wave’ bands 
where wavelengths and antenna sizes are many times larger than at most 
radar wavelengths but for fixed beam radar antennas they have been largely 
superceded by the simpler optical antennas. Where a rapidly scanning 
beam is desired, however, they possess certain advantages which were put 
to excellent use in the war. These advantages spring from the possibility 
of scanning the beam of an array through the introduction of rapidly vary- 
ing phase changes in its transmission line distributing system. 

Let us first examine certain basic conditions that must be fulfilled if an 
array antenna js to provide a satisfactory scan. The pattern of any array 
is merely the sum of the patterns of its elements taking due account of 
phase, amplitude and spacial relationships. If all elements are alike and 
are spaced equally along a straight line it is not difficult to show that a 
mathematical expression for the pattern can be obtained in the form of a 
product of a factor which gives the pattern of a single element and an array 
factor. The array factor is an expression for the pattern of an array of 
elements each of which radiates equally in all directions. Since each of the 
elements is fixed in direction it is only through control of the array factor 
that the scan can be obtained. 

If we excite al] points of a continuous aperture with equal phase and a 
smoothly tapered amplitude the aperture produces a beam with desirable 
characteristics at right angles to itself and no comparable radiation else- 
where. Similarly if we excite all elements of an array of identical equally 
spaced circularly radiating elements with equal phase and a smoothly 
tapered amplitude the array will produce a beam with desirable charac- 
teristics at right angles to itself. It will also produce a beam in any other 
direction for which waves from the elements can add up to produce a wave 
front. Such other directions will exist whenever the array spacing is 
greater than one wavelength. 

In order to see this more clearly let us examine Fig. 37, where line X X’ 
represents an array of elements. From each element to the line AA’ is a 
constant distance, so AA’ is obviously parallel to a wave front when the 
elements are excited with equal phase. If we can find a line BB’ to which 
the distance from each element is exactly one wavelength more or less than 
from its immediate neighbors then it too is parallel to a wavefront, for 
energy reaching it from any element of the array will have the same phase 


280 BELL SYSTEM TECHNICAL JOURNAL 


except for an integral number of cycles. The same will apply to a line CC’, 
to which the distance from each element is exactly two wave lengths more or 
less than from its immediate neighbors, or to any other line where this dif- 
ference is any integral number of wavelengths. 

Now in no radar antenna do we desire two or more beams for they will 
result in loss of gain and probably in target confusion. The array must 
therefore be designed so that for all positions of scan all beams except one 
will be suppressed. This will automatically occur if the array spacing is 
somewhat less than one wavelength. If the array spacing is greater than 
one wavelength these extra beams will appear in the array factor; they 
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Fig. 37—Some Possible Wave Fronts of an Array of Elements Spaced 2.75 A. 


must therefore be suppressed by the pattern of a single element. The pat- 
tern of an element must in other words, have no significant components 
in any direction where an extra beam can occur. 

Where elements with only side fire directivity are spaced more than a 
wavelength apart in a scanning array it is almost impossible to obtain 
adequate extra lobe suppression. If these elements are spaced by the 
minimum amount, that is by exactly the dimensions of their apertures and 
all radiate in phase they may indeed just manage to produce a desirable 
beam. A little analysis shows however that an appreciable phase variation 
from element to element, even though linear, will introduce a serious ex- 
tra lobe. To get around this difficulty elements with some end fire direc- 
tivity must be used. 
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A simple end fire element, and one that has been used in practice, is the 
‘polyrod’ (Fig. 38). A polyrod, is as its name implies, a rod of polystyrene. 
This rod, if inserted into the open end of a waveguide, and if properly pro- 
portioned and tapered, will radiate energy entering from the waveguide 
from points which are distributed continuously along its length. If the 





Fig. 38—A Polyrod. 





Fig. 39.—Experimental Polyrod Array, 


wave in the polyrod travels approximately with free space velocity it will 
produce a radiation maximum in the direction of its axis. The radia- 
tion pattern of the polyrod will have a shape which is characteristic of end 
fire arrays, narrower and flatter topped than the pattern ofa side fire array 
which occupies the same /a/eral dimension. This elementary pattern can 
be fitted in well with the array factor of a scanning array. 

Such a scanning array is shown in Fig. 39 and will be described in 
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greater detail in section 14.8. Each element of this array consists of a fixed 
vertical array of three polyrods. This elementary array provides the re- 
quired vertical pattern and has appropriate horizontal characteristics. 
Fourteen of these elements are arranged in a horizontal array with a spacing 
between neighbors of about two wavelengths. Energy is distributed among 
the elements with a system of branching waveguides. Thirteen rotary phase 
changers are inserted strategically in the distributing system. Each phase 
change is rotating continuously and shifts the phase linearly from 0° to 
360° twice for each revolution. As the phase changers rotate the array 
produces a beam which sweeps repeatedly linearly and continuously across 
the scanning sector. 

_ When elements of a scanning array are spaced considerably less than one 
wavelength it is a very simple matter to obtain a suitable elementary 
pattern, for the array factor itself has only a single beam. This advantage 
is offset-by the greater number of elements and the consequent greater com- 
plexity of distributing and phase shifting equipment. In one useful type of 
scanning antenna however distributing and phase shifting is accomplished 
in a particularly simple manner. Here the distributing system is merely a 
waveguide which can transmit only the dominant mode. The wide dimen- 
sion ofthe guide is varied to produce the phase’shifts required for scanning. 
The elements are dipoles. The center conductor of each dipole protrudes 
just enough into the guide to pick up the required amount of energy. 

It is evident from the above discussion that such a waveguide fed dipole 
array will produce a single beam in the normal direction only if the dipoles 
are all fed in phase and are spaced less than a wavelength. It is therefore 
not satisfactory to obtain constant phase excitation by tapping the dipoles 
into the guide at successive guide wavelengths for these are greater than 
free space wavelengths. Consequently the dipoles are tapped in at suc- 
cessive half wavelengths in the guide and reversed successively in polarity 
to compensate for the successive phase reversals due to their spacing. 

This type of array provides a line source which can be scanned by moving 
the guide walls. In order to leave these mechanically free suitable wave 
trapping slots are provided along the length of the array. 

A practical antenna of this type will be described in Sec. 16.3. 


12.3 Optical Scanning 


With a camera or telescope all parts of an angular sector or field are viewed 
simultaneously. We would like to do the same thing by radar means, but 
since this so far appears impossible we do the next best thing by looking 
at the parts of the field in rapid succession. Nevertheless certain pcints of 
similarity appear. These points are emphasized by a survey of the fixed 
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beam antenna field for there we find optical instruments in abundance, 
parabolic reflectors and even lenses. 

It is not a very big step to proceed from an examination of optical systems 
to the suggestion that a scanning antenna can be provided by moving a 
feed over the focal plane of a reflector. Nevertheless experience shows 
that this will not be especially profitable unless done with due caution. 
The first effect of moving the feed away from the focus in the focal plane of 
a paraboloid is indeed a beam shift but before this process has gone far a 
third order curvature of the phase front is produced and is accompanied 
by a serious deterioration in the pattern and reduction in gain. This 
difficulty or aberration is well known in classical optical theory and is called 
coma. Coma is typified by patterns such as the one shown in Fig. 16. 
It is the first obstacle in the path of the engineer who wishes to design a 
good moving feed scanning antenna. 

Coma is not an insuperable obstacle however. Its removal can be 
accomplished by the application of a very simple geometrical principle. 
This principle can be stated as follows: “The condition for the absence of 
coma is that each part of the focussing reflector or lens should be located on 
a circle with center at the focus.” 

This condition can be regarded as a statement of the spacial relation- 
ship required between the feed and all parts of the focussing element. It 
is a condition which insures that the phase front will remain nearly linear 
when the feed is moved in the focal plane. It can be applied approximately 
whether the focussing element is a reflector or a lens and to optical systems 
which scan in both directions as well as those which scan in one direction. 

Coma is usually the most serious aberration to be reckoned with in a 
scanning optical system, but it is by no means the only one. Any defect 
in the phase and amplitude characteristic which arises when the feed is 
moved can cause trouble and must be eliminated or reduced until it is toler- 
able. Another defect in phase which arises is ‘defocussing’. Defocussing 
is a square law curvature of phase and arises when the feed is placed at an 
improper distance from the reflector or lens. Its effect may be as shown 
in Fig. 14. It can in principle always be corrected by moving the feed in a 
correctly chosen ‘arc, but this is not always consistent with other require- 
ments on the system. In addition to troubles in phase an improper ampli- 
tude across the aperture of the antenna will arise when the feed is trans- 
lated unless proper rotation accompanies this motion. 

To combat the imperfections in an optical scanning system we can 
choose over-all dimensions in such a way that they will be lessened. Thus 
it is generally true that an increase in focal length or a decrease in aperture 
will increase the scanning capabilities of an optical system. This alone 
is usually not enough, however, we must also employ the degrees of free- 
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dom available to us in the designing of the focussing element and the feed 
motion to improve the performance. If the degrees of freedom are not 
enough we must, if we insist on an optical solution introduce more. This 
could in principle result in microwave lenses similar to the four and five 
element glass lenses found in good cameras, but such complication has not 
as yet been necessary in the radar antenna art. 

Since military release has not been obtained as this article goes to press 
we must omit any detailed discussion of optically scanning radar antenna 
techniques. 


PART III 


MILITARY RADAR ANTENNAS DEVELOPED BY THE 
BELL LABORATORIES 


13. GENERAL 

In the final part of this paper we will describe in a brief fashion the 
end products of radar antenna technology, manufactured radar antennas. 
Without these final practical exhibits the foregoing discussion of principles 
and methods might appear academic. By including them we hope to 
illustrate in a concrete fashion the rather general discussion of Parts I 
and II. 

The list of manufactured antennas will be limited in several ways. Severe 
but obviously essential are the limitations of military security. In addition 
we will restrict the list to antennas developed by the Bell Laboratories. In 
cases where invention or fundamental research was accomplished elsewhere 
due credit will be given. Finally the list will include only antennas manu- 
factured by contract. This last limitation excludes many experimental 
antennas, some initiated by the Laboratories and some by the armed forces. 

It is worthwhile to begin with an account of the processes by which these 
antennas were brought into production. The initiating force was of course 
military necessity. The initial human steps were taken sometimes by 
members of the armed forces who had definite needs in mind and sometimes 
by members of the Laboratories who had solutions to what they believed 
to be military needs. 

With a definite job in mind conferences between military and Laboratories 
personnel were necessary. Some of these dealt with legal or financial 
matters, others were principally technical. In the technical conferences 
it was necessary at an early date to bring military requirements and tech- 
nical possibilities in line. 

As a result of the conferences a program of research and development was 
often undertaken by the Laboratories. An initial contract was signed which 
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called for the delivery of technical information, and sometimes for manu- 
facturing drawings and one or more completed models. Usually the 
antenna was designed and manufactured as part of a complete radar sys- 
tem, sometimes the contract called for an antenna alone. 

After preliminary work had been undertaken the status of the job was 
reviewed from time to time. If preliminary results and current military 
requirements warranted a manufacturing contract was eventually drawn 
up and signed by Western Electric and the contracting government agency. 
This contract called for delivery of manufactured radars or antennas ac- 
cording to a predetermined schedule. 

Research and development groups of the Laboratories cooperated in war 
as in peace to solve technical problems and accomplish technical tasks. 
Under the pressure of war the two functions often overlapped and seemed 
to merge, yet the basic differences usually remained. 

Members of the Research Department, working in New York and at the 
Deal and Holmdel Radio Laboratories in New Jersey were concerned chiefly 
with electrical design. It was their duty to understand fully electrical 
principles and to invent and develop improved methods of meeting mili- 
tary requirements. During the war it was usually their responsibility to 
prescribe on the basis of theory and experiment the electrical dimensions 
of each new radar antenna. 

A new and difficult requirement presented to the Research Department 
was sometimes the cause of an almost personal competition between alter- 
native schemes for meeting it. Some of these schemes were soon eliminated 
by their own weight, others were carried side by side far along the road to 
production. Even those that lost one race might reappear in another 
as a natural winner. 

In the Development Groups working in New York and in the greatly 
expanded Whippany Radio Laboratory activity was directed towards coor- 
dination of all radar components, towards the establishment of a sound, 
well integrated mechanical and electrical design for each component and 
towards the tremendous task of preparing all information necessary for 
manufacture. It was the job of these groups also to help the manufacturer 
past the unavoidable snarls and bottlenecks which appeared in the first 
stages of production. In addition development personnel frequently 
tested early production models, sometimes in cooperation with the armed 
forces. 

As we have intimated, research and development were indistinguishable 
at times during the war. Members of the research department often found 
themselves in factories and sometimes in aircraft and warships. Develop- 
ment personnel faced and solved research problems, and worked closely 
with research groups. 
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For several years when pressure was high the effort was intense; at times 
feverish. Judging by military results it was highly effective. Some of the 
material results of this effort are described in the following pages. 


14. Nava SHIPBORNE RADAR ANTENNAS 
14.1 The SE Antenna” 


Very early in the war, the Navy requested the design of a simple search 
radar system for small vessels, to be manufactured as quickly as possible 
in order to fill the gap between design and production ‘of the more complex 
search systems then in process of development. The proposed system was 
to be small and simple, to permit its use on vessels which otherwise would 
be unable to carry radar equipment because of size or power supply capabil- 
ity. This class of vessel included PT boats and landing craft. 

The antenna designed for the SE system is housed as shown in Fig. 40. 
It was adapted for mounting on the top or side of a small ship’s mast, and 
is rotated in azimuth by a mechanical drive, hand operated. The para- 
boloid reflector is 42 inches wide, 20 inches high, and is illuminated by a 
circular aperture 2.9 inches in diameter. In the interests of simplicity, the 
polarization of the radiated beam was permitted to vary with rotation of 
the antenna. 

The SE antenna was operated at 9.8 cm, and fed by 14 x 3 rectangular 
waveguide. At the antenna base, a taper section converted from the 
rectangular waveguide to 3” round guide, through a rotating joint directly 
to the feed opening. 

Characteristics of the SE antenna are given below: 


Wavelength 9.7 to 10.3 cm 
Reflector 42” W x 20” H 
Gain 25 db 
Horizontal Beam Width 6° 
Vertical Beam Width 12°, varying somewhat with polarization 
Standing Wave 9.7to10.0 cm 4.0 db 
10.0 to 10.3 cm 6.0 db 


14.2 The SL Radar Antenna" 


The SL radar is a simple marine search radar developed by Bell Tele- 
phone Laboratories for the Bureau of Ships. During the war, over 
1000 of these radars were produced by the Western Electric Company and 
installed on Navy vessels of various categories. The principal field for 
installation was destroyer escort craft (“DE’’s). Figure 41 shows an SL 
antenna installation aboard a DE. The antenna is covered, for wind and 
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weather protection, in a housing which can transmit 10 cm radiation. 
Visible also is the waveguide run down the mast to the r.f. unit. 

The SL radar provides a simple non-stabilized PPI (Plan Position 
Indicator) display. The antenna is driven by a synchronous motor at 
18 rpm. Horizontal polarization is used to minimize sea clutter. The 





Fig. 40—SE Antenna. 


radiating structure, shown in Figure 42, consists of a 20” sector of a 42” 
paraboloid. The resulting larger beam width in the vertical plane is pro- 
vided in order to improve the stability of the pattern under conditions of 
ship roll. Figure 43 illustrates the path of the transmitted wave from the 
SLr.f. unit to the antenna. It also illustrates the manner in which horizon- 
tally polarized radiation is obtained. The diagram shows the position of 
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Fig. 41—SL Antenna Aboard DE. 
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Fig. 42—SL Antenna. 
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the electric force vector in traversing the waveguide run. The path from 
the r.f. unit is in rectangular guide (TE:, 9 mode) through the right angle 
bend, to the base of the rotary joint. A transducer which forms the base 
portion of the joint converts to the TMo mode in circular pipe. For this 
mode, the electric field has radial symmetry, much as though the wave- 
guide were a coaxial line of vanishingly small inner conductor diameter. 


REFLECTOR 


PIPE CONTAINING 
SPIRAL SEPTUM 


TEy\— TE10 


—> INDICATES DIRECTION > 
OF ELECTRIC VECTOR. TMo < ROTARY JOINT 


® INDICATES VECTOR AND CHOKE 
LIES L TO PLANE OF 
PAPER. 


TE10 


RE UNIT 
Fig. 43—SL Radar Antenna—Wave Guide Path. 


The energy passes the rotary joint in this mode; choke labyrinths are pro- 
vided at the joint to minimize radio frequency leakage. The energy then 
flows through another transducer, from TMa mode back to TE; mode. 
The lower horizontal portion of the feed pipe immediately tapers to round 
guide, the mode being now TEn. Next the energy transverses a 90° elbow, 
which is a standard 96° pipe casting, and enters the vertical section im- 
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mediately below the feed aperture. The E vector is in the plane of the 
paper at this point. However, the ensuing vertical section is fitted with a 
spiral septum. This gradually rotates the plane of polarization until at 
the top of this pipe the E vector is perpendicular to the plane of the paper. 
Thus, after transversing another 90° pipe bend, the energy emerges horizon- 
tally polarized, to feed the main reflector. 

Specific electrical characteristics of the SL antenna are: 


Polarization—Horizontal 

Aforizontal Half Power Beamwidth—6° 
Vertical Half Power Beamwidth—12° 
Gain—about 22 db. 


14.3 The SJ Submarine Radar Antenna 


It had long been expected that one of the early offensive weapons of the 
war would be the submarine. It was therefore natural that early in the 
history of radar the need for practical submarine radars was felt. The 
principal components of this need were twofold, to provide warning of ap- 
proaching enemies and to obtain torpedo fire control data. The SJ Sub- 
marine Radar was the first to be designed principally for the torpedo fire 
control function. 

Work on the SJ system was under way considerably before Pearl Harbor. 
When this work was initiated the advantages of lobing fire control systems 
were clearly recognized, but no lobing antennas appropriate for submarine 
use had been developed. Requirements on such an antenna were ob- 
viously severe, for in addition to fulfilling fairly stringent electrical con- 
ditions, it would have to withstand very large forces due to water resistance 
and_ pressure. 

The difficulties evident at the outset of the work were overcome by an 
ingenious adaptation of the simple waveguide feed. It was recognized 
that a shift of the feed in the focal plane of a reflector would cause a beam 
shift. Why not, then, use two waveguide feeds side by side to produce the 
two nearly coincident beams required in a lobing antenna? When this was 
tried it was found to work as expected. 

It remained to devise a means of switching from one waveguide feed to 
the other with the desired rapidity. This in itself was no simple problem, 
but was solved by applying principles learned through work on waveguide 
filters. The switch at first employed was essentially a branching filter 
at the junction of the single antenna feed line and the line to each feed aper- 
ture. Both branches of this filter were carefully tuned to the same fre- 
quency, that of the radar. The switching was performed by the insertion 
of small rapidly rotating pins successively into the resonant cavities of the 
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two filters (Fig. 44). Presence of the pins in one of the filters detuned it 
and therefore prevented power from flowing through it. Rotation of the 
pins accordingly produced switching as desired. 

In a later modification of this switch the same general principles were 
used but resonant irises rather than resonant cavities were employed. 

The SJ Submarine Radar was in use at a comparatively early date in the 
war and saw much service with the Pacific submarine fleet. Despite some 
early doubts, submarine commanders were soon convinced of its powers. 


SWITCH UNIT DETUNING 
CHAMBERS PINS 





Fig. 44The SJ Tuned Cavity Switch. 


It is believed that in the majority of cases it replaced the periscope as the 
principle fire control instrument. In addition it served as a valuable and 
unprecedented aid to navigation. 

It is interesting and relevant to quote from two letters to Laboratories 
engineers concerning the SJ. One dated October 3, 1943, from the radar 
officer of a submarine stated that there were twenty “setting sun” flags 
painted on the conning tower and asked the engineer to “‘let your mind dwell 
on the fact that you helped to put more than 50% of those flags there”. 
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The commander of another submarine wrote in a similar vein, ““You can 
rest assured that we don’t regard your gear as a bushy-brain space taker, 
but a very essential part of our armament”. 





Fig. 45—The SJ Submarine Radar Antenna. 


Figure 45 is a photograph of an SJ antenna. Its principal electrical 
characteristics are as follows: 


Gain > 19 db 

Horizontal Half Power Beamwidth 8° 

Vertical Half Power Beamwidth 18° 

Vertical Beam Character—Some upward radiation 
Lobe Switching Beam Separation—approximately 5° 
Gain reduction at beam cross-over < 1 db 
Polarization—Horizontal 
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14.4 The Modified SJ/Mark 27 Radar Antenna 

The SJ antenna described above performed a remarkable and timely fire 
control job as a lobing antenna but was found to be unsatisfactory when 
rotated continuously to produce a Plan Position Indicator (PPI) presenta- 
tion. In the PPI method of presentation range and angle are presented as 
radius and angle on the oscilloscope screen. Consequently a realistic map 
of the strategic situation is produced. This map is easily spoiled by false 
signals due to large minor lobes of the antenna. 

Since it had been established that the PPI picture was valuable for 
navigation and warning as well as for target selection it was decided to 
modify the antenna in a way that would reduce these undesirably high minor 
lobes. These were evidently due principally to the shadowing effect of the 
massively built double primary feed. Accordingly a new reflector was de- 
signed which in combination with a slightly modified feed provided a much 
improved pattern. ° 

The new reflector was different in configuration principally in that it was 
a partially offset section of a paraboloid. The reflector surface was also 
markedly different in character since it was built as a grating rather than a 
solid surface. This reduced water drag on the antenna. In addition 
thé grating was less visible at a distance, an advantage that is obviously 
appreciable when the antenna is the only object above the water. 

This modified antenna was used not only on submarines as part of the 
SJ-1 radar but also on surface vessels as the Mark 27 Radar Antenna. 
Figure 46 shows one of these antennas. Its electrical characteristics are 


as follows: 
Gain > 20 db 
Horizontal Half Power Beamwidth = 8° 
Vertical Half Power Beamwidth = 17° 
Vertical Beam Character—Some upward radiation 
Lobe Switching Beam Separation—approximately 5° 
Gain reduction at beam cross-over < 1 db 
Polarization—Horizontal 

14.5 The SH and Mark 16 Antenna” 

The antennas designed for the SH and Mark 16 Radar Equipments are 
practically identical. The SH system was a shipborne combined fire con- 
trol and search system, and the Mark 16 its land based counterpart was used 
by the Marine Corps for directing shore batteries. 

These systems operated at 9.8 cm. The requirement that the system, 
operate as a fire control as well as a search system imposed some rather 
stringent mechanical requirements on the antenna. For search purposes, 
the antenna was rotated at 180 rpm, and indications were presented on a 
plan position indicator. For fire control data, slow, accurately controlled 
motion was required. Bearing accuracy is attained by lobe switching in 
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much the same manner as in the SJ and SJ-1 antennas previously described. 
The antenna is illustrated in Fig. 47. With the SH system, the unit 
is mast mounted; for the Mark 16, the unit is mounted atop a 50 foot steel 


ee 
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Fig. 46—The SJ-1/Mark 27 Submarine Radar Antenna. 


tower which can be erected in a few hours with a minimum of personnel. 
The electrical characteristics are as follows: 


Gain—21. db 
Reflector Dimensions 30” W x 20” H 
Horizontal beam width—7.5° 
Vertical beam width—12° 
Lobe separation—S° approximately 
Loss in gain at lobe crossover—1 db approximately 
Scan—(1) 360°, at 180 rpm for PPI operation 
(2) 360°, at approximately 1 rpm for accurate azimuth readings, with lobe 
switching 
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SH systems were most successfully used in invasion operations in the 
Aleutians. They were installed on landing craft, and the use of the high 





Fig. 47—SH Antenna. 


speed scan enabled the craft to check constantly their relative positions 
in the dense fogs encountered during the landing operations. 
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14.6 Antennas for Early Fire Control Radars* 


The first radars to be produced in quantity for firé control on naval ves- 
sels were the Mark 1, Mark 3 and Mark 4 (originally designated FA, FC 
and FD). These radars were used to obtain the position of the target with 
sufficient accuracy to permit computation of the firing data required by the 
guns, The first two (Mark 1 and Mark 3) were used against enemy surface 
targets while the Mark 4 Radar was a dual purpose system for use against 
both surface and aircraft targets. These radars were described in detail 
in an earlier issue.’ However, photographs of the antennas and per- 
tinent information on the antenna characteristics are repeated herein for 
the sake of completeness. (See Table B and Figures 48, 49 and 50.) 














TaBLe B 
Radar 
Mark 1 Mark 3 Mark 4 
Dimensions 6’ x6" 37x12" 6’ x6! 6'x7! 
Operating Frequency 500 or 700 MC 680-720 MC 680-720 MC 
Beam Width in Degrees 
(Between half power points 
one way.) 
Azimuth 12° 6° 12° 12° 
Elevation 14° 30° 14° 12° 
Antenna Gain 22 db 22 db 22 db 22.5 db. 
Beam Shift in Degrees 
Azimuth 0° 1.5° 3° 3° 


Elevation 0° 0° 0° +3° 

An antenna quite similar to the Mark 3, 6 ft. x 6 ft. antenna, was also 
used on Radio Set SCR-296 for the Army. This equipment was similar to 
the Mark 3 in operating characteristics but was designed mechanically for 
fixed installations at shore points for the direction of coast artillery gun 
fire. For these installations the antenna was mounted on an amplidyne 
controlled turntable located on a high steel tower. The entire antenna and 
turntable was housed within a cylindrical wooden structure resembling a 
water tower. Equipments of this type were used as a part of the coastal 
defense system of the United States, Hawaiian Islands, Aleutian Islands 
and Panama. 


18 Written by W. H. C. Higgins. 
& “Early Fire Control Radars for Naval Vessels,” W. C. Tinus and W. H. C. Higgins, 


B.S. T. J. 
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14.7 A Shipborne Anti-Aircraft Fire Control Antenna 


A Shipborne Anti-Aircraft Fire Control Antenna is shown in Fig. 51. 
This antenna consists of two main horizontal cylindrical parabolas in each 
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Fig. 48—Mark 1 Antenna. 


of which two groups of four half-wave dipoles are mounted with their axes 
in a horizontal line at the focus of the parabolic reflectors. The four groups 
of dipoles are connected by coaxial lines on the back of the antenna to a lobe 


16 Written by C. A. Warren. 
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switcher, which is a motor driven capacitor that has a single rotor plate and 
four stator plates, one for each group of dipoles. The phase shift intro- 
duced into the four feed lines by the lobe switching mechanism causes the 
antenna beam to be “lobed” or successively shifted to the right, up, left 
and down as the rotor of the capacitor turns through 360 degrees. 
Mounted centrally on the front of the antenna at the junction of the two 
parabolic antennas is a smaller auxiliary antenna consisting of two dipole 
elements and a parabolic reflector, the purpose of which is to reduce the 
minor lobes that are present in the main antenna beam. The auxiliary 





Fig. 49—Mark 3 Radar Antenna on Battleship New Jersey. 


antenna beam is not lobe switched and is sufficiently broad in both the 
horizontal and vertical planes to overlap both the main antenna beam and 
the first minor lobes. The auxiliary antenna feed is so designed that its 
field is in phase with the field of the main beam of the main antenna. This 
causes the feed of the auxiliary antenna to ‘‘add” to the field of the main 
antenna in the region of its main beam, but to subtract from the field in the 
region of its first minor lobes. This occurs because the phase of the first 
minor lobes differs by 180 degrees from that of the main beam. Asa result, 
the field of the main beam is increased and the first minor lobes are greatly 
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reduced. By reducing these minor lobes to a low value, the region around 
the main beam is free of lobes, thus greatly reducing the possibility of false 
tracking due to “cross overs” between the main beam and the minor lobes. 


14.8 The Polyrod Fire Control Antenna 


The Polyrod Fire Control antenna is an array scanner employing essen- 
tially the same principles as those used in the multiple unit steerable antenna 
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Fig. 50—Mark 4 Radar Antenna on Battleship Tennessee. 


system (MUSA) developed before the war for short-wave transatlantic 
telephony. Some of these principles have been discussed in Sec. 12.2. 
That they could be applied with such success in the microwave region was 
due to a firm grounding in waveguide techniques, to the invention of the 
polyrod antenna and the rotary phase changer, and especially to excellent 
technical work on the part of research, development and production person- 
nel. It is perhaps one of the most remarkable achievements of wartime 


RADAR ANTENNAS 301 


radar that the polyrod antenna emerged to fill the rapid scanning need a 
early and as well developed as it did. 

The Polyrod Fire Control antenna is a horizontal array of fourteen identi- 
cal fixed elements, each element being a vertical array of three polyrods. 
Energy is distributed to the elements through a waveguide manifold. The 
phase of each element is controlled and changed to produce the desired scan 
by means of thirteen rotary phase changers. These phase shifters are 
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Fig. 51.—Shipborne Anti-Aircraft Fire Control Antenna 


geared together and driven synchronously. Figure 52 is a schematic 
diagram of the waveguide and phase changer circuits. 

Figure 39 shows an experimental polyrod antenna under test at Holmdel. 
Figure 53 is another view of the Polyrod antenna. 


14.9 The Rocking Horse Fire Control Antenna 


It was long recognized that an important direction of Radar develop- 
ment lay towards shorter waves. This is particularly true for fire 
control antennas where narrow, easily controlled beams rather than great 
ranges are needed. The Polyrod antenna had pretty thoroughly demon- 
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strated the value of rapid scanning, yet the problem of producing a rapid 
scanning higher frequency antenna of nearly equal dimensions was a new 
and different one. 

Several possible solutions to this problem were known. The array 
technique applied so effectively to the polyrod antenna could have been 
applied here also, but only at the expense of many more elements and 
greater complexity. 

After much preliminary work it was finally concluded that a mechanically 
scanning antenna, the “rocking horse,” provided the best solution to the 
higher frequency scanning problem. This solution is practical and relatively 
simple. 


DELAY EQUALIZING UNIT ANTENNAS 
WAVE GUIDE LENGTHS (VERTICAL POLYROD TRIDENTS) 
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Fig. 52,—Schematic Diagram of Polyrod Fire Control Antenna. 


The operation of the rocking horse is described in Sec. 12.1. It is essen- 
tially a carefully designed and firmly built paraboloidal antenna which 
oscillates rapidly through the scanning sector. Its oscillation is dynamically 
balanced to eliminate undesirable vibration. 

Figure 54 is a photograph of a production model of the rocking horse 
antenna. ‘ 


14.10 The Mark 19 Radar Antenna® 


In Anti-aircraft Fire Control Radar Systems for Heavy Machine Guns 
it is necessary to employ a highly directive antenna and to obtain continu- 
ous rapid comparison of the received signals on a number of beam positions 


16 Sections 14.10, 14.11 and 14.12 were written by F. E. Nimmcke. 
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as discussed in Section 11.2. Such an antenna is also required to obtain 
the high angular precision for anti-aircraft fire control. These require- 
ments are achieved by the use of a conical scanning system. The beam 
from the antenna describes a narrow cone and the deviation of the axis 
of the cone from the line of sight to the target can be determined and meas- 
ured by the phase difference between the amplitude modulated received 
signal and the frequency of the reference generator associated with the 





Fig. 54.—Rocking Horse Fire Control Antenna. 


antenna. This information is presented to the pointer-trainer at the direc- 
tor in the form of a wandering dot on an oscilloscope. 

The antennas described in sections 14.10, 14.11 and 14.12 were all designed 
by the Bell Laboratories as anti-aircraft fire control radar systems, particu- 
larly for directing heavy machine guns. They were designed for. use on all 
types of Naval surface warships. 

In Radar Equipment Mark 19, the first system to be associated with the 
control of 1.1 inch and 40 mm anti-aircraft machine guns, the antenna was 
designed for operation in the 10 cm region. This antenna consisted of a 
spinning half dipole with a coaxial transmission line feed. The antenna 
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was driven by 115-volt, 60 cycle, single phase motor to which was coupled 
a two-phase reference voltage generator. The motor rotated at approxi- 
mately 1800 rpm which resulted in a scanning rate of 30 cycles per second. 
This antenna was used with a 24-inch spun steel parabolic reflector which 
provided, at the 3 db point, a beam width of approximately 11° and a beam 
shift of 8.5° making a total beam width of approximately 20° when scan- 
ning. The minor lobes were down more than 17 db (one way) from the 
maximum; and the gain of this antenna was 21 db. This antenna assembly 
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Fig. 55—Mark 19 Antenna. 


was integral with a transmitter-receiver (Fig. 55) which was mounted on 
the associated gun director. Consequently, the size of the reflector was 
limited by requirements for unobstructed vision for the operators in the 
director. As a matter of fact, for this type of radar system serious con- 
sideration must be given to the size and weight of the antenna and asso- 
ciated components. 


14.11 The Mark 28 Radar Antenna 


The beam from the antenna used in Radar Equipment Mark 19 was 
relatively broad and to improve target resolution, the diameter of the 
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reflector for the antenna in Mark 28 was approximately doubled. The 
Mark 28 is a 10 cm system and employs a conical scanning antenna similar 
to that described for Mark 19. The essential difference is that the spun 
steel parabolic reflector is 45 inches in diameter which provides a beam 
width of approximately 6.5° and a beam shift of 4.5° making a total of 11°. 





Fig. 56—Mark 28 Antenna Mounted on 40 MM Gun. 


The minor lobes are down more than 17 db (one way) from the maximum; 
and the gain of this antenna is 26 db. It was found necessary to perforate 
the reflector of this dimension in order to reduce deflection caused by gun 
blast and by wind drag on the antenna assembly. The antenna assembly 
for Radar Equipment Mark 28 is shown in Fig. 56. This assembly is 
shown mounted on a 40 mm Gun. 
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14.12 A 3 CM Anti-Aircraft Radar Antenna. 


To obtain greater discrimination between a given target and other targets, 
or between a target and its surroundings, the wavelength was reduced to 
the 3 cm region. An antenna for this wavelength was designed to employ 
the conical scan principle. In this case the parabolic reflector was 30 inches 
in diameter and transmitted a beam approximately 3° wide at the 3db point 
with a beam shift of 1.5° making a total of 4.5° with the antenna scanning. 
The minor lobes are down more than 22 db (one way) from the maximum; 
and the gain of this antenna is 35 db. 

In the 3 cm system in which a Cutler feed was used, the axis of the beam 
was rotated in an orbit by “nutation” about the mechanical axis of the 
antenna. This was accomplished by passing circular waveguide through 
the hollow shaft of the driving motor. The rear end of the feed (choke 
coupling end) was fixed in a ball pivot while the center (near the reflector) 
was off set the proper amount to develop the required beam shift. This 
off set was produced by a rotating eccentric driven by the motor. The 
latter was a 440 volt, 60 cycle, 3 phase motor rotating at approximately 1800 
rpm which resulted in a scanning rate of 30 cycles per second. The two- 
phase reference voltage generator was integral with the driving motor. 

It was found necessary at these radio frequencies to use a cast aluminum 
reflector and to machine the reflecting surface to close tolerances in order to 
attain the consistency in beam width and beam direction required for 
accurate pointing. An antenna assembly for the 3 cm anti-aircraft radar 
is shown in Fig. 57. 


15, Lanp BASED RADAR ANTENNAS 


15.1 The SCR-545 Radar “Search” and “Track” Antennas" 


The SCR-545 Radar Set was developed at the Army’s request to meet 
the urgent need for a radar set to detect aircraft and provide accurate tar- 
get tracking data for the direction of anti-aircraft guns. 

This use required that a narrow beam tracking antenna be employed to 
achieve the necessary tracking accuracy, furthermore, a narrow beam 
antenna suitable for accurate tracking has a very limited field of view and 
requires additional facilities for target acquisition. This was provided by 
the search antenna which has a relatively large field of view and is provided 
with facilities for centering the target in its field of view. These two an- 
tennas are integrated into a single mechanical structure and both radar axes 
coincide. 

The “Search” antenna operates in the 200 mc band and is com- 


1 Section 15.1 was written by A. L. Robinson. 
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posed of an array of 16 quarter wave dipoles spaced 0.1 wave-length 
in front of a flat metal reflector. All feed system lines and impedance 
matching devices are made up of coaxial transmission line sections. The 
array is divided into four quarters, each being fed from the lobe switching 
mechanism. This division is required to permit lobe switching in both 
horizontal and vertical planes. The function of the lobe switching mecha- 
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Fig. 57.—3CM Anti-Aircraft Radar Antenna. 


nism is to introduce a particular phase shift in the excitation of the elements 
of one half of the antenna with respect to the other half. The theory of 
this type of lobe switching is discussed in section 11.1. The antenna beam 
spends approximately one quarter of a lobing cycle in each one of the four 
lobe positions. Each of the four lobe positions has the same radiated field 
intensity along the antenna axis and therefore when a target is on axis 
equal signals will be received from all four lobe positions. 
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The “Track” antenna operates in the 10 cm. region and consists of a reflec- 
tor which is a parabola or revolution, 57 inches in diameter, illuminated by a 
source of energy emerging from a round waveguide in the lobing mechanism. 
Conical lobing is achieved by rotating the source of energy around the 
parabola axis in the focal plane of the parabola. Conical lobing is discussed 
in section 11.2. The round waveguide forming the source is filled with a 
specially shaped polystyrene core to control the illumination of the para dola 
and to seal the feed system against the weather. The radio frequency power 
is fed through coaxial transmission line to a coaxial-waveguide transition 
which is attached to the lobing mechanism. 

The ‘‘Search” and “Track” antenna lobing mechanisms are synchronized 
and driven by a common motor. 

The radio frequency power for both antennas is transmitted through a 
single specially constructed coaxial transmission line to the common antenna 
structure, where a coaxial transmission line filter separates the power for 
each antenna. 

Figure 58 is a photograph of a production model of the SCR-545 Radar 
Set. The principal electrical characteristics of the antennas are tabulated 
below: 











Antennas 

Search Track 
Gain 14.5 db 30 db 
Horizontal Beamwidth 23.5° s° 
Vertical Beamwidth 25,5") St 
Polarization Horizontal Vertical 
‘Type of Lobing Lobe switching Conical lobing 
Angle between lobe positions 10° 3° 
Lobing rate 60 cycles/sec. 60 cycles/sec. 


The SCR-545 played an important part in the Italian campaign, particu- 
larly in helping to secure the Anzfo Beach Head area, as well as combating 
the ‘“V” bombs in Belgium. However the majority of SCR-545 equip- 
ments were sent to the Pacific Theater of Operations and played an im- 
portant part in operations on Leyte, Saipan, Iwo Jima, and Okinawa. 


15.2 The AN/TPS-1A Portable Search Antenna™® 


In order to provide early warning information for advanced units, a light 
weight, readily transportable radar was designed under Signal Corps contract. 


18 Written by R. E. Crane. 
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Fig. 58—SCR/545 Antenna. 


‘ 
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The objective was to obtain as long range early warning as possible with 
moderate accurracy of location. Emphasis was placed on detection of low 
flying planes. 

The objectives for the set indicated that the antenna should be built 
as large as reasonable and placed as high as reasonable for a portable set. 
Some latitude in choice of frequency was permitted at first. For rugged- 
ness and reliability reasons which seemed controlling at the time, the fre- 
quency was pushed as high as possible with vacuum tube detectors and 
R.F. amplifiers. This was finally set at 1080 mc. 





oe 





Fig. 59—AN/TPS-1A Antenna. 


The antenna as finally produced was 15 ft. in width and 4 ft. in height” 
The reflecting surface was paraboloidal. The mouth of the feed horn was 
approximately at the focus of the generating parabola. The feedhorn 
was excited by a probe consisting of the inner conductor of the coaxial 
transmission line extended through the side of the horn and suitably shaped. 
To reduce side lobes and back radiation the feedhorn was dimensioned to 
taper the illumination so that it was reduced about 10 db in the horizontal 
and vertical planes at the edges of the reflector. Dimensions of probe and 
exact location of feed, etc. were determined empirically to secure acceptable 
impedance over the frequency band needed. This band, covered by spot 

_ frequency magnetrons, was approximately +2.5% from mid frequency. 

Figure 59 shows the antenna in place on top of the set. 
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The characteristics of this antenna are summarized below: 


Gain 27.3 db. 

Horizontal Half Power Beamwidth 4.4° 

Vertical Half Power Beamwidth 12.6° 

Vertical Beam Characteristic Symmetrical 

Polarization Horizontal 

Impedance (SWR over +2.5% <4.0 db 
band) 


16. AIRBORNE RADAR ANTENNAS 
16.1 The AN/APS-4 Antenna” 


AN/APS-4 was designed to provide the Navy’s carrier-based planes 
with a high performance high resolution radar for search against surface 
and airborne targets, navigation and interception of enemy planes under 
conditions of fog and darkness. For this service, weight was an all im- 

. portant consideration and throughout a production schedule that by V-J 
day was approaching 15,000 units, changes to reduce weight were con- 
stantly being introduced. In late production the antenna was responsible 
for 19 lbs. out of a total equipment weight of 164 lbs. . The military require- 
ments called for a scan covering 150° in azimuth ahead of the plane and 30° 
above and below the horizontal plane in elevation. To meet this require- 
ment a Cutler feed and a parabolic reflector of 6.3” focal length and 143” 
diameter was selected. Scanning in azimuth was performed by oscillating 
reflector and feed through the required 150° while elevation scan was per- 
formed by tilting the reflector. Beam pattern was good for all tilt angles. 
In early flight tests the altitude line on the B scope due to reflection from 
the sea beneath was found to be a serious detriment to the performance of 
the set. To reduce this, a feed with elongated slots designed for an elliptical 
reflector was tried and found to give an improvement even when used with 
the approximately round reflector. The elliptical reflector was also tried, 
but did not improve the performance sufficiently to justify the increased 
size. 

As will be noted in Fig. 60, the course of the mechanical development 
brought the horizontal pivot of the reflector to the form of small ears pro- 
jecting through the parabola. No appreciable deterioration of the beam 
pattern due to this unorthodox expedient was noted. 

The equipment as a whole was built into a bomb-shaped container hung 
in the bomb rack on the underside of the wing. Various accidents resulted 
in this container being torn off the wing in a crash landing in water or 
dropped on the deck of the carrier. After these mishaps, the equipment 
was frequently found to be in good working order with little or no repair 
required. 


” Written by F. C. Willis. 
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Gain 28 db 

Beamwidth 6° approx. circular 
Polarization Horizontal 

Scan Mechanical 
Scanning Sector—Azimuth 150° 
Scanning Sector—Elevation 60° 
Scanning Rate one per sec. 

Total weight 19 Ibs. 





Fig. 60—AN/APS4 Antenna. 


16.2 The SCR-520, SCR-717 and SCR-720 A ntennas” 


The antenna shown in Fig. 01 is typical of the type used with the SCR-520 
and SCR-720 aircraft interception (night fighter) airborne radar equip- 
ment, as well as the SCR-717 sea search and anti-submarine airborne radar 
equipment. The parabolic reflector is 29 inches in diameter and produces a 
radiation beam about 16° wide. The absolute gain is approximately 25 
db. RF energy is supplied to a pressurized emitter through a pressurized 
transmission line system which includes a rotary joint located on the ver- 


20 Written by J. F. Morrison. 
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tical axis and a tilt joint on the horizontal axis. Either vertical or hori- 
zontal polarization can be used by rotating the mounting position of the 
emitter. Vertical polarization is preferred for aircraft interception ‘work 
and horizontal polarization is preferred for sea search work. 





Fig. 61—SCR-520 Antenna. 


For aircraft interception the military services desired to scan rapidly a 
large solid angle forward of the pursuing airplane, i.e. 90° right and left, 15° 
below and 50° above the line of flight. The data is presented to the opera- 
tor in the form of both “B” and “C” presentations and for this purpose 
potentiometer data take-offs are provided on the antenna. The reflector 
is spun on a vertical axis at a rate of 360 rpm and at the same time it is 
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made to nod up and down about its horizontal axis by controllable amounts 
up to a total of 65° and at a rate of 30° per second. 

In the sea search SCR-717 equipment, selsyn azimuth position data take- 
offs are provided which drive a PPI type of indicator presentation. The 
rotational speed about the vertical axis in this case is either 8 or 20 rpm 
as selected by the operator. The reflector can also be tilted about its 
horizontal axis above or below the line of flight as desired by the operator. 

It will be noted that the emitter moves with the reflector and accordingly 
it is always located at the focal point throughout all orientations of the 
antenna. 


16.3 The AN/APQ-7° Radar Bombsight Antenna” 


Early experience in the use of bombing-through-overcast radar equip- 
ment indicated that a severe limitation in performance was to be expected 
as the result of the inadequate resolution offered by the then available air- 
borne radar equipments. ‘This lack of resolution accounted for gross errors 
in bombing where the target area was not ideal from a radar standpoint. 

To meet this increased resolution requirement in range, the transmitted 
pulse width was shortened considerably. In attempting to increase the 
azimuthal resolution, higher frequencies of transmission were employed. 
This enabled an improvement in azimuthal resolution without resorting to 
larger radiating structures, a most important consideration on modern 
high speed military aircraft. 

To extend the size of the radiating structure without penalizing the air- 
craft performance, the use of a linear scanning array which would exhibit 
high azimuthal resolution was censidered. This array was originally con- 
ceived in a form suitable to mount within the existing aircraft wing and 
transmit through the leading edge. As development proceeded, the restric- 
tions imposed on the antenna structure as well as the aircraft wing design 
resulted in the linear array scanner being housed in an appropriate separate 
air foil and attached to the aircraft fuselage (Fig. 62). 

The above study resulted in the development of the AN/APQ-7 radar 
equipment, operating at the X-band of frequencies.” This equipment 
provided facilities for radar navigation and bombing. 

The AN/APQ-7 antenna consisted of an array of 250 dipole structures 
spaced at 4 wavelength intervals and energized by means of coupling probes 
extending into a variable width waveguide. The vertical pattern was 
arranged to exhibit a modified csc” distribution by means of accurately 
shaped “flaps” attached to the assembly. 

1 Written by L. W. Morrison. 


1 A large part of the antenna development was carried out at the M. I. T. Radiation 
Laboratory. 
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ANTENNA AIRFOIL ASSEMBLY 
Fig. 62—AN/APQ-7 Antenna Mounted on B24 ‘Bomber. 
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Fig. 63—AN/APQ-7 Antenna. Left—Contracted Wave Guide Assembly. Right— 
Expanded Wave Guide Assembly. 


The scanning of the beam is accomplished by varying the width of the 
feed waveguide. This is accomplished by means of a motor driven actuated 
cam which drives a push rod extending along the waveguide assembly back 
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and forth. ‘Toggle arms are attached to this push rod at frequently spaced 
intervals which provides the motion for varying the width of the waveguide 
while assuring precise parallelism of the side walls throughout its length 
(Fig. 63). 

The normal range of horizontal scanning exhibited by this linear array, 
extends from a line perpendicular to the array to 30° in the direction of the 
feed. By alternately feeding each end, a total scanning range of +30° 
from the perpendicular is achieved. Appropriate circuits to synchronize 
the indicator for this range are included. 

The use of alternate end feed on the AN/APQ-7 antenna requires that 
the amount of energy fed to the individual dipoles is somewhat less than if a 
single end feed is employed. 

The AN/APQ-7 antenna is 16} feet in length and weighs 180 pounds 
exclusive of air foil housing. 

The following data applies: 

Gain = 32.5 db 

Horizontal beamwidth = 0.4° 

Vertical beam characteristic = modified csc® 
Scan—Array scanning 


Scanning Sector—+ 30° Horizontal 
Scanning Rate = 45°/second 
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Techniques and Facilities for Microwave Radar Testing* 
By E. I. GREEN, H. J. FISHER, J. G. FERGUSON 


Methods and devices are described for testing microwave radars in the radio 
frequency range from about 500 mc to 25,000 mc, and at associated video fre- 
quencies. In general, the same instruments and techniques are applicable also in 
testing microwave communication systems. 


INTRODUCTION 


HAT radars are marvels of ingenuity has long since become common 

knowledge. This ingenuity is reflected, however, in complexity of 
circuits. A rough index of this is found in the number of vacuum tubes, 
which for a single radar may range from 50 to 250. Notwithstanding the 
most careful design, it is easy for the radar performance to become impaired 
under operating conditions. 

Not only is radar complex, but its performance criteria are less tangible 
than those of conventional communication systems. Ordinary radio is to 
some extent self-testing in that reception of intelligible speech or signals 
frequently constitutes a sufficient check of satisfactory performance. With 
radar, the greater the range coverage and the more accurate the data, the 
more valuable the information is likely to be. However, the working range 
may fall to a fraction of the possible maximum or some other degradation 
or malfunctioning may occur, with nothing in the operation of the radar to 
tell that this has happened. Since lack of maximum performance may have 
serious military results, measurement of performance assumes the utmost 
importance in radar work. 

The new techniques and new frequency ranges employed for radar ne- 
cessitated the wartime development of a wide variety of new types of test 
equipment. A large part of this development work was concentrated at 
Bell Laboratories and at the N.D.R.C.’s Radiation Laboratory at M.L.T., 
working in close coordination with one another and with the technical 
services of the Army and Navy. In the manufacture of radar test equip- 
ment, Western Electric took a major part. This article discusses the tech- 
niques of radar testing and describes the types of test gear developed by 
Bell Laboratories and manufactured by Western Electric. These cover 
the radio frequency range from about 500 megacycles to 25,000 megacycles, 
together with associated video frequencies. 

Because of its importance during the war, emphasis has been placed on 


* Presented at A.I.E.E. Winter Convention, New York, N. Y., January 21-25, 1946. 
Published by Elec’l. Engg., Trans. Sec., May 1946. 
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the testing of microwave radars. However, similar methods and instru- 
ments have also been employed in the testing of microwave communication 
systems and such applications can be expected to increase. In this situation 
the developers and users of microwave communication systems are fortunate 
in that almost all of the techniques and devices developed for radar testing 
are equally applicable to communication systems. This is even true of the 
video units, which are useful in connection with pulse modulated telephone 
systems and AM or FM television systems. 

So many persons, both within and outside Bell Laboratories, have con- 
tributed to the developments described that the authors have reluctantly 
reached the conclusion that the assignment of individual credit should not 
be attempted. 


REQUIREMENTS 


Operation of Typical Radar 


Subsequent discussion may be simplified by first reviewing briefly the 
operation of a somewhat typical radar, as shown in Fig. 1. Under the con- 
trol of d.c. or so-called video pulses from the modulator, short pulses of radio 
frequency energy are delivered by the magnetron transmitter to a highly 
directive antenna, ordinarily arranged to scan a section of space. Energy 
reflected from an object or “target” in the path of the beam is intercepted 
by the same antenna. The received pulses or echoes are converted to an 
intermediate frequency by heterodyning against a local oscillator, the 
frequency of which may be automatically controlled. ~ 

To enable the same antenna to serve for Both transmitting and receiving, 
a TR tube or transmit-receive switch is usually provided. This consists 
of a partially evacuated resonant cavity containing a spark gap which breaks 
down during the transmitted pulse, thus preventing the transmitted power 
from injuring the sensitive receiver. An RT tube, consisting of a similar 
resonant cavity and spark gap, may be provided to prevent absorption of 
the received signal by the transmitter. After amplification and detection 
of the received signal, the resultant video pulses are applied to an indicator 
which may present information in any of several different ways. Cus- 
tomarily the direction of the target (determined by antenna orientation) 
and its range (determined by reflection interval, 10.7 microseconds per mile) 
are shown. The system may be used merely for searching, or for fire con- 
trol, bomb direction, or other functions, with additional equipment as re- 
quired. 

Types of Tests and Test Sets 


Figure 2 shows an early assemblage of radar test equipment for the 10 
cm range, initially produced in 1942, which has seen wide usage. 
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The more important types of tests required in radar work, either at radar 
operating locations or at centralized service points, are: (1) Over-all Per- 
formance (Range Capability), (2) Transmitter Power, (3) Receiver Sensi- 
tivity, (4) Transmitter Frequency, (5) Transmitter Spectrum, (6) Standing 
Wave Ratio, (7) R. F. Envelope, (8) Receiver Recovery, (9) AFC Tracking, 
(10) I.F. Alignment, (11) Video Wave Shapes, (12) Range Calibration and 
(13) Computer Calibration. 

The principal types of test sets required for carrying out the above are: 
(1) Signal Generators, (2) Echo Boxes, (3) Frequency and Power Meters 
(separate or combined), (4) Standing Wave Meters, (5) R.F. Loads, (6) 
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Oscilloscopes, (7) Video Dividers and Loads, (8) Range Calibrators, (9) 
Computer Test Sets and (10) Spectrum Analyzers. Various auxiliary test- 
ing instruments are also employed, including vacuum tube testers, I.F. 
signal generators, audio oscillators, flux meters, etc. Before discussing the 
above tests and devices individually, some of the requirements for radar 
test equipment, especially those resulting from military usage, will be 
summarized. 











Fig. 1—Diagram of typical radar. 


Generality of Application 


Radars perform a great variety of functions, including search and sur- 
veillance, gun laying and fire control, bomb direction, and navigation. They 
are used in the air, on shipboard, and on the ground, in attack and in de- 
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fense, in combat zones and in rear areas. To realize the advantages of 
different parts of the frequency spectrum, avoid interference, and keep 
ahead of enemy countermeasures, it has been necessary for radar to exploit 
many different frequency bands and sub-bands. These diversities have 





Fig. 2—Early radar test set for 3000 mc range—includes signal generator, oscilloscope, 
power meter, test antenna and auxiliary units. 


bred a multiplicity of types of radar, with a corresponding variety of testing 
problems and requirements. 

Maintenance and testing of radars must be performed at many different 
locations. In the Army these locations, known as echelons, include (a) 
the operating unit, (b) central service points, either fixed or mobile, for a 
number of operating units, and (c) large depots either in the military theatres 
or in the United States. Navy maintenance and testing are carried out on 
board the fighting ships or auxiliaries, and at advance and overhaul bases. 
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In developing test equipment, an offhand approach might have been to 
provide specialized equipment for testing each radar under specific condi- 
tions. Since this would have made the total burden of development, manu- 
facture and field maintenance well nigh intolerable, a coordinated plan was 
followed whereby (with minor exceptions) each test set was made capable 
of widespread application in testing as many radars under as varied condi- 
tions as possible. 


Broadbanding 


Generality of application required the designing of test equipment for 
broad frequency bands, bands as a rule much wider than those of the radars 
themselves. It was necessary, therefore, not only to develop new micro- 
wave testing techniques, but to advance the art still further to render the 
testing components as far as possible insensitive to frequency. 


Precision 

A radar itself is an instrument of considerable precision. The test equip- 
ment used for checking the radar performance in the field has to have still 
higher accuracy. It is noteworthy that the measuring accuracy realized 


throughout the microwave range is comparable with that obtainable at 
lower frequencies where many years of background exist. 


Packaging—Size and Weight 

Light weight and compactness are of paramount importance where a 
test set has to be carried any distance by the maintenance man, where it 
is used in cramped quarters in a plane, truck or submarine, or where it has 
to be taken up ship ladders or through small hatchways. To permit portable 
use under such conditions, the design objective was established of a weight 
not exceeding about 30 Ibs. (exclusive of transit case), combined with a rug- 
gedness adequate for all conditions of use. Through rigorous attention to 
both mechanical and electrical design, this objective has been realized (in 
many cases with considerable margin) except for a few sets intended prima- 
rily for bench use. Figure 3 illustrates the use of lightweight test equipment 
in maintaining airborne radars. 


Environmental Influences 


Military usage requires that the test equipment be capable of efficient 
operation at any ambient temperature between a minimum of the order of 
—40° to —55° C and a maximum of the order of +65° to +70° C, as well 
as at any relative humidity up to 95%. In addition the set must withstand 
continued exposure to driving rain, dust storms and all other conditions en- 
countered in tropical, desert or arctic climates. Often the test set in its 
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transit case must be capable of submergence under water without ill effects. 
Fungus-proofing with a fungicidal lacquer is a standard requirement. 
Simplicity, Reliability, Accessibility 


Not only must the functioning of the test set be reliable, stable and trou- 
ble-free, but the set must make minimum demands for special skill or tech- 





Fig. 3—Portable units used in checking airborne radars at Boca Raton, Fla. 


nique on the part of the maintenance man. Access for maintenance pur- 
poses, while important in radar test sets, is not as controlling as in the radars 
themselves and sometimes has to be sacrificed in part for compactness. 


Ruggedness 


For general application, the test equipment must be capable of with- 
standing airplane vibration, the shock of heavy guns, depth charges and 
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near misses, and the combinations of shock and vibration connoted by the 
requirement of “transportation over all types of terrain in any Army vehi- 
cle.” Test and experience have made it possible to translate these general 
requirements into two specific requirements, namely the ability to withstand 
(1) vibration at frequencies from 10 to 33 cycles per second with 5” excur- 
sion for 30 minutes in each of three axes and (2) the shock produced by a 400 
Ib. hammer falling through distances of 1, 2 and 3 ft. in each of three axes, 
and striking an anvil to which the set is attached. These requirements 

’ have been met without using shock and vibration mounts, which are unde- 
sirable in test sets because they increase size and weight. 


RANGE CAPABILITY 


The range capability of a radar, like that of any radio system, depends 
upon three things; the transmitted power, the loss in the medium, and the 
minimum perceptible received signal. Two of these can be combined by 
taking the ratio of the radiated signal to the minimum perceptible received 
signal. This ratio, ordinarily expressed as a level difference in db, is vari- 
ously termed the “system performance,” “over-all performance” or merely 
the “level difference.” It may be determined by separate measurement of 
transmitter power and receiver sensitivity, or by a single overall measure- 
ment. With the powers and sensitivities commonly employed in radar, 
the level difference is of the order of 150 to 180 db. 

The actual range that can be spanned for a given performance ratio varies 
considerably. For a given transmitted power, the echo power received by 
a radar theoretically varies inversely as the fourth power of the range. The 
reason for this is simple. In free space the power intercepted by a target 
which is small in comparison with the area of the radar beam in its vicinity 
will vary according to the inverse square of the distance from the radar. 
Similarly, that fraction of the energy reflected from the target which is 
intercepted by the receiving antenna will vary as the inverse square law. 
Since the received power involves the product of these two factors, the rela- 
tion becomes: 


t 

P= KE, or, R= (xz) (1) 
where P, and P, represent, respectively, the transmitted and received power, 
R the range and K a constant determined by antenna design, character of 
target, etc. 

Under operating conditions considerable departure from the above rela- 
tionship may be experienced, due to such factors as (1) the curvature of the 
earth, (2) interference between the direct beam and single or multiple re- 
flections, and (3) attenuation due to atmospheric absorption. Except under 
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conditions of severe attenuation such as may occur at the very short wave- 
lengths, the received power commonly varies somewhere between the inverse 
fourth power and the inverse 16th power of distance. To state it another 
way, the change in effective range is somewhere between the fourth and 
the sixteenth root of the change in system performance. The former condi- 
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Fig. 4—Effect of reduction in system performance on radar range. y 

tion might hold for high angle plane-to-ship search in clear weather, the 
latter for ship-to-ship search in fog. The loss of range resulting from a given 
degradation of system performance is shown for 4th, 8th and 16th root laws 
by the curves of Fig. 4. Whatever the propagation law, reduction in per- 
formance always means loss of range. 

Field surveys have shown that when test equipment is not available or 
not used, radars in the field are likely to give no more than } to } of the 
maximum range of which they are capable. Hence it is necessary to know 
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with good accuracy the over-all performance. Known, or so-called stand- 
ard, targets have often been used in the field for checking performance. 
Because of wide variations in transmission due to many factors, results 
obtained from such targets are frequently misleading. 


SIGNAL GENERATORS 


Signal generators for radar work deliver one or more different types of 
test signals, which may serve a variety of functions. More important among 
these functions are tuning or alignment of the radar components (TR and 
RT boxes, converter, beat oscillator; AFC, etc.), measurement of receiver 
sensitivity, checking TR and receiver recovery, measurement of loss, detec- 
tion of frequency pulling, check of AFC following, measurement of IF band- 
width, check of automatic range tracking, measurement of standing wave 
ratio and check of video “gating” circuits. Many signal generators include 
means for measuring the power and frequency of the test signal, and also of 
an incoming signal. 


Types of Signals 


The test signals delivered by a signal generator may be CW, pulsed, or 
frequency-modulated. Occasionally square wave or sine wave modulation 
is provided. 

Pulsed signal generators deliver a succession of single RF pulses or pulse 
trains, either of these generally synchronous with the pulses of the radar 
under test. Multivibrator or trigger techniques' are used to generate the 
pulses for modulating the microwave generator. The trigger pulse for 
synchronizing the pulsing circuits is commonly produced by rectifying RF 
pulses from the radar transmitter, thus avoiding a separate video connection 
to the radar. To avoid possible difficulties in video response, the RF test 
pulses should be of comparable width to those of the radar under test. For 
observing the test signals, either the radar indicator or an auxiliary oscillo- 
scope may be used. With the single pulse method, provision is usually 
made for varying the delay of the test pulse with respect to the radar pulse. 
The width of the test pulse may also be adjustable or variable. F 

If the frequency of the signal generator is swept over a sufficiently wide 
frequency band, the IF output of the radar traces the curve of IF selectivity, 
thus producing a kind of pulse. With a suitable raté of frequency sweep, 
this pulse becomes comparable in width to the transmitter pulse, and when 
synchronized with the radar it can be used for test purposes. Since the 
pulse is produced in the radar, comparison of the shapes of receiver input 
and output pulses is not possible. The nominal duration of the pulse in 
the IF output is 


T = B/y (2) 
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where B is the width of IF band in cycles per second (for this purpose con- 
veniently measured between 6 db points) and y is the speed of frequency 
sweep in cycles per second per second. For best results this nominal width 
should be similar to the width of transmitter pulse for which the IF and 
video circuits are designed. This means that the scanning speed should be 
in the neighborhood of B?/2. 

A CW input of the same frequency as the transmitter produces in the 
output of the IF detector merely a direct current to which the video amplifier 
and radar indicator do not respond. However, CW test signals may be 
utilized by observing on a d.c. meter (built into the radar or separate) the 
change produced in detector current or converter current. 


Receiver Sensitivity 


Just as in radio, the sensitivity of a radar receiver is defined as the mini- 
mum received signal that is perceptible in the presence of set noise.* At 
microwave frequencies atmospheric disturbances are usually negligible, so 
that unless accidental or deliberate interfering signals are present, the 
operating sensitivity is the same as the intrinsic sensitivity of the receiver. 

Receiver sensitivity is commonly stated as the minimum perceptible signal 
power in db referred to a milliwatt, (abbreviated as dbm). In practice, 
the receiver sensitivity depends upon the noise figure of the converter, the 
conversion loss, and the noise figure of the IF amplifier. If an RF amplifier 
is used, as is the practice at lower microwave frequencies, its noise figure is 
likely to be controlling. By noise figure in each case is meant the noise 
power in comparison with the thermal noise. The thermal noise in watts 
delivered to a load is TB, where k is Boltzmann’s constant, T is absolute 
temperature in degrees K, and B is the frequency bandwidth. Thus for a 
4 mc band at 25° C the thermal noise is —108 dbm. With good design the 
over-all receiver noise is of the order of 10 to 15 db higher than thermal noise. 
The minimum detectable signal is usually not equal to the receiver noise but 
depends on the type of indicator, particularly on whether the presence of an 

' echo is indicated by spot deflection or spot modulation. 

With a CW signal generator, receiver sensitivity is measured by deter- 
mining the minimum input power necessary to produce a perceptible change 
in meter reading. This affords a satisfactory relative measure of receiver 
performance, but since the radar indicator usually permits better visual 
discrimination against noise, the minimum input as read with the meter 
ordinarily differs from the minimum pulse input for barely discernible indica- 
tor response. : 


* The term noise is commonly used even though the disturbances are observed on a 
cathode-ray screen. 
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RF Oscillators 


Beat oscillator tubes for radars deliver (with sufficient decoupling or isola- 
tion to prevent undue frequency pulling) a power of the order of milliwatts. 
This power being adequate for most test purposes, such tubes are well 
adapted for use as signal generators. 

Throughout the greater part of the microwave range, reflex velocity- 
modulated tubes,? both the type with built-in cavity (Pierce-Shepherd) tuned 
mechanically or thermally, and that with external cavity (McNally) tuned 
by plugs, vanes or adjustment of dimensions, have been used. The former 
is more convenient for general use but the latter usually permits wider fre- 
quency coverage. Oscillation occurs when the repeller voltage is adjusted 
so that the round trip transit time corresponds to an odd number of quarter 
wavelengths. Ordinarily there are several different ranges of repeller 
voltage, corresponding to different numbers of quarter waves, each of which 
supports oscillation over a range of frequencies, called a mode of oscillation. 
Pulsing or frequency modulation is accomplished by applying a pulse or 
sawtooth wave to the repeller. 

At the longer microwaves, a triode with closely spaced electrodes, or 
so-called “lighthouse” tube*, has been employed in a tuned-plate tuned- 
grid oscillator of the positive grid type. Two coaxial lines, conveniently 
placed one inside the other, provide the tuning, with the feedback through 
interelectrode capacitances supplemented by loop coupling. The inner 
cavity (between plate and grid) controls the frequency of oscillation, while 
the outer cavity (between grid and cathode) provides a suitably high grid 
impedance. Mechanical arrangements are provided for tracking the tuning 
of the two cavities over a wide frequency range. 


Some Design Principles 


Standard signal generators which have been employed in the past for 
measuring the sensitivity of radio receivers usually deliver a known voltage 
across a low impedance. This voltage is applied in series with a dummy 
antenna to the receiver under test. In the microwave range this technique 
is inconvenient, and signal generators are designed to deliver test power on 
a matched impedance basis. Receiver sensitivity is stated in terms of 
power (dbm) instead of volts. 

The components of a signal generator or other test unit are commonly 
arranged along a microwave transmission line. The wave guide type of 
line possesses certain advantages over a coaxial line in affording a lower 
loss, facilitating attenuator design as discussed in a subsequent section, etc. 
Hence the wave guide type of line is used in test equipment for those wave- 
lengths where its size is not excessive, i.e. from about 4,000 mc upwards, and 
coaxial line for lower frequencies. 
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A major problem in the design of microwave signal generators is the 
provision of shielding adequate to reduce leakage signals due to unwanted 
couplings or stray fields well below the minimum signal required for receiver 
testing. This minimum level may be as low as — 70 or — 80 dbm, depending 
on the coupling loss in the test connection. 


A Pulsed.and FM Signal Generator 


To illustrate the functioning of a signal generator, there is shown in Fig. 5 
a block schematic of a design (Army-Navy type TS-35A/AP) which covers 
a 12% frequency band in the vicinity of 9000 mc. An RF connection to the 
radar is established with a wave guide flange coupling. The frequency and 
power of the radar transmitter are measured by means of a coaxial-type 
frequency meter and thermistor power measuring circuit as described in 
subsequent sections. The attenuator and pad are adjusted to reduce the 
incoming average power to about 1 milliwatt, which gives a suitable deflec- 
tion on the indicating meter. The thermistor is mounted across the wave 
guide, 

An RF pulse train is employed in many tests. To produce this the RF 
oscillator output is modulated by a multi-vibrator which pulses continuously 
except when being synchronized. Synchronizing pulses are derived by 
crystal rectification of the RF pulses from the radar transmitter. The result 
is an initial RF pulse of 7 microseconds followed by an off period of about 
10 microseconds followed by a train of RF pulses each 2 microseconds wide 
and recurring every 8 microseconds until resynchronization occurs at the 
next radar pulse. 

Using the pulse train, the radar system components can be tuned for 
maximum sensitivity by maximizing the signal on the indicator. To check 
receiver sensitivity the CW power is first adjusted so that a power of 1 
milliwatt is delivered to the pad and attenuator. Then with the set in the 
pulsed condition the amplitude of the test signal is adjusted by means of 
the attenuator and pad until the signal on the radar indicator is barely 
discernible. It is necessary for this test that the frequency of the test 
signal be equal to the magnetron frequency. The frequency meter is 
provided as part of the signal generator for this purpose. 

The receiver recovery, i.e. the time required by the receiver to recover 
after disablement by the transmitter pulse, determines the minimum range 
at which a radar can be used. With this test set the receiver recovery 
characteristic is indicated by the amplitude of the test pulses in the interval 
immediately following the transmitter pulse. 

The set is also adapted to serve as an FM signal generator. A sawtooth 
wave applied to the repeller gives a succession of frequency sweeps, each 
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about 20 mc wide, and lasting about 6 microseconds. With this frequency 
modulated signal the width of receiver response may be observed on a 
Class A oscilloscope (i.e. one showing signa] amplitude vs. time). However, 
with non-adjustable IF strips such measurement is seldom required. Failure 
of the radar AFC to follow frequency changes due to antenna scanning or 
other causes is indicated by a change in the indicator presentation. Pulling 
of the magnetron frequency due to changes in load impedance can be de- 
tected by turning off the AFC. 


Signal Generator Designs 


Designs of signal generators developed for the military arms during the 
war are interesting as landmarks of progress. The signal generator of the 
TE30 test set, deliveries of which began in May 1942, delivered pulsed RF 
signals in the 10 cm range, using sine wave synchronization. Following 
only three months later was the signal generator of the Army IE57A and 
Navy LZ test sets (Fig. 6), which covered a then very broad frequency band 
of 20% in the vicinity of 10 cm, and was designed to be triggered by the 
incoming RF pulse from the radar instead of by a separate synchronizing 
connection. This set and a redesigned version of it have seen wide usage 
in testing Army, Navy and Marine Corps radars. 

Delivery of a test set for the 3 cm range, designated TS-35/AP, started 
in the fall of 1943. This set furnished both a train of pulses and a train of 
FM signals, both of which features have proved valuable. It covered a 9% 
frequency band with no tuning adjustment except for the oscillator. An 
improved design known as TS-35A (see Fig. 6) covered a 12% band. 

Progress in reducing the size and weight of the test units is indicated by 
the fact that the IE30 signal generator weighed 121 Ibs., IE57 74 Jbs., 
whereas TS-35 and TS-35A weigh approximately 30 lbs. 


FREQUENCY MEASUREMENT 


Usually a radar need not operate at a precise frequency. Accurate 
measurements are required in the field, however, to keep the operating 
frequency within limits, to set the local oscillator, to check the measuring 
frequency, etc. In the laboratory, accurate frequency measurement is 
fundamental. , 

Frequency measurement in the microwave range is ordinarily accom- 
plished by (1) a resonant coaxial line or (2) a resonant cavity, generally 
cylindrical. These types are illustrated in Fig. 7. Sometimes a combina- 
tion of the two, referred to as a hybrid or transition type resonator, is em- 
ployed. The measurement is actually one of wavelength, with the scale 
calibrated in frequency or a conversion chart provided. Some specific 
designs of frequency meters are shown in Fig. 8. 
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Fig. 7—Types of frequency meters. 





Fig. 8—A group of frequency and power meters designed for various bands in the 
frequency range 500 to 25,000 mc. 
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Coaxial W avemeters 


A coaxial wavemeter is formed of a section of coaxial transmission line of 
small enough diameter so that only the coaxial mode (in wave guide nota- 
tion TMo, 0, n) can exist. Usually the line is short-circuited at one end and 
open at the other, in which case resonance occurs at the odd quarter wave- 
lengths \/4, 3\/4 etc.). The open circuit is obtained merely by terminating 
the inner coaxial conductor, the continuing outer conductor acting as a wave 
guide below cutoff. Sometimes the line is short-circuited at both ends, 
giving resonance at the even quarter-wavelengths (A/2, \, etc.). 


Cylindrical Cavity Wavemeters 


A cylindrical cavity wavemeter is merely a section of cylindrical wave 
guide transmission line’ whose length is varied. In order to avoid confusion 
with other modes, it is preferable to use the dominant mode (described in 
wave guide notation, TE, 1,,*) i.e. the mode with the lowest cutoff frequency. 
The cutoff wavelength (A.) of this mode is 1.706D, where D is the diameter in 
meters. For a higher Q it may be necessary to use the circular electric 
mode TEp,1,,. The cutoff wavelength for this mode is .82D. No useful 
purpose is served by using modes with 7 and m subscripts above unity. 
TM modes are often used for fixed frequency cavities, but for variable 
cavities TE modes are preferable since these have zero current at the inner 
wall of the cylinder and thus obviate moving contact difficulty. If any 
mode higher than the dominant one is used, suppression of unwanted modes 
may be required. 

The accuracy of a wavemeter is dependent on its resolving power. This 
in turn depends upon Q, which is an index of the decrement of the resonant 
circuit, and is equal to f/Af, where Af is the distance between 3 db points 
on the resonance curve. 

In a coaxial wavemeter, maximum (Q for a given inner diameter is obtained 
with a diameter ratio of about 3.6° The basic Q of a coaxial wavemeter, 
assuming copper of standard conductivity, is roughly® 


Qo = 0.042D Vf . (3) 


This expression neglects end effects and hence gives somewhat too high a 
value of Q. 

The basic Q’s for TE;,1,, and TEy,1,, cylindrical cavity resonators em- 
ploying copper of standard conductivity are, respectively, 


*TE and TM represent, respectively, transverse electric and transverse magnetic. 
The subscripts /, m, » denote, respectively, the number of wavelengths around any 
concentric circle in the cross section, the number of wavelengths across a diameter, and 
the number of half wavelengths along the length of the cylinder. 
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with A = xB = A®—1, and fis in cycles per second. 


The value of Q which determines accuracy is not the basic Q, but the 
loaded or working Q, herein designated Qz. 

The resolving power of a wavemeter used for measuring a single frequency 
can be made considerably better than f/Qz. With a sensitive meter it is 
readily possible to detect differences less than 1 db, which corresponds to a 
frequency interval of f/2Q:. 

The required accuracy in a wavemeter is generally absolute rather than a 
percentage. Hence increasingly large values of Q; are required at the higher 
frequencies. Thus for a resolution of 1 mc, assuming 1 db discrimination, 
the values of Q; required for different frequencies are: 


Frequency Qu Frequency Qn 
1,000 mc 500 10,000 mc 5,000 
3,000 mc 1,500 25,000 mc 12,500 


An unnecessarily high value of Q; has the disadvantage of making it more 
difficult to find the desired frequency. 


Linearity 

The displacement of the coaxial plunger of a coaxial type wavemeter for 
resonance is substantially a direct linear function of free space wavelength 
and if an ordinary centimeter micrometer drive is used it is possible to read 
wavelength differentials directly. Over bandwidths less than 20 per cent, . 
displacement vs. frequency is also quite linear which is of considerable ad- 
vantage for some uses. 

For the cavity type wavemeter the displacement is a variable function 
of free space wavelength and becomes very non-linear as the cutoff fre- 
quency of the guide or cavity is approached. This-is evident from the 
relation between wavelength in the guide, \,, wavelength in free space, A, 
and cutoff wavelength, \.: 


= qe we (6) 


. x 
A cam or mechanical linkage may be employed to obtain a linear scale. 
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Frequency Coverage 

Increasing the length of a wavemeter is desirable because this gives a 
larger mechanical displacement for a given frequency interval. The per- 
missible increase is limited, however, by ambiguity with the next lower 
mode in going toward the upper end of the frequency scale and with the 
next higher mode in going toward the lower end. This means that, if 
ambiguity is to be avoided, the ratio of top to bottom frequency cannot 
exceed (n + 2)/n for a coaxial line of » quarterwaves. For a cylindrical 
cavity resonator the ratio for the 0,1,” mode must be less than n + 1)/n, 
the exact limit depending on proximity to cutoff. 


Guideposts 


The following guideposts are suggested for choosing the type of wave- 
meter in the microwave range. Where limitations of size and Q permit, 
the coaxial quarter-wave type should be used because of its greater linearity. 
If this type is inapplicable, the cavity type with TE,,:,, should be used 
unless its Q is inadequate, in which case TEp,1,, should be employed. 


Couplings 

A loop, orifice or probe may be used for coupling to a wavemeter. Cou- 
pling to a coaxial wavemeter is generally effected by a loop placed near a 
short-circuited end so as to be in the maximum magnetic field. For coupling 
to a cylindrical cavity wavemeter, an orifice in or near the base of the cavity 
is usually employed. The coupling to the wavemeter is kept small enough 
to avoid serious reduction of loaded Q. 


Types of Detectors 


Various types of detectors may be associated with a wavemeter, the most 
commonly used being (1) a crystal rectifier and microammeter, or (2) a 
thermistor bolometer. When a crystal rectifier is employed with a cavity 
or coaxial wavemeter a circuit similar to that shown in Fig. 9 is used. Im- 
portant items in such a circuit are the “RF by-pass” condenser, and the 
“video” condenser. The latter, by providing a low-impedance path to the 
video signals, improves rectification efficiency when the input signal is 
pulsed. The quarter-wave stub shown in the figure is used when the input 
or coupling circuit does not provide DC and video paths. When the signal 
is pulsed at a low duty cycle, high peak currents through the crystal are 
obtained even though the average current through the meter is small, and 
it is possible to impair or burn out the crystal unless extreme care is taken. 
The use of a thermistor, which is self-protecting for large overloads, avoids 
this danger. Another expedient is to limit the crystal current to a small 
value and employ a video amplifier and oscilloscope. 
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Methods of Use 


A wavemeter may be used as either a transmission or a reaction instru- 
ment. In the former case (Fig. 10a) it is inserted directly in the trans- 
mission path, so that substantially no through transmission occurs except at 
resonance. In the latter case (Fig. 10b) the wavemeter is coupled to the 
transmission path or a branch circuit. When the meter is tuned off reso- 
nance it presents such a high impedance to the main path that its effect is 
negligible. At resonance, however, it offers a lower impedance which 
reflects energy in the main line so that less power reaches the detector and 


R.F INPUT 





TEST 
SIGNAL 





a. TRANSMISSION, TYPE b. REACTION TYPE 


Fig. 10—Types of frequency meter circuits. 


adip in the reading occurs. For most applications the reaction arrangement 
is preferable since the power transmitted when the wavemeter is off tune 
may serve various purposes. For analysis of frequency spectrum the trans- 
mission method is necessary. ‘This method requires two couplings to the 
wavemeter, which lowers the Q as compared with the reaction type. 
Drive and Scale 

A direct drive with a precision lead screw of the micrometer type is fre- 
quently used. Accuracy of reading is insured by spring loading to minimize 
backlash and by specifying close tolerances for threads and for concentricity 
of plunger and cavity. The scale on a wavemeter must be fine enough to 
permit utilization of the resolving power. The conventional micrometer 
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type of scale sometimes makes accurate reading difficult in a small compact 
meter. Scale mechanisms which have been used include counter types, 
clock face or expanded drum types with gearing between vernier and coarse 
scales, and a single direct reading scale with divisions arranged in a spiral 
for compactness. 


Effect of Temperature and Humidity 


To minimize the effects of temperature on the accuracy of readings, invar 
has been employed for elements whose dimensions affect the wavelength. 
For accurate work, the scale reading must be corrected for temperature. A 
rough approximation is that the scale reading varies in accordance with the 
coefficient of expansion of the metal. 

Water vapor included in the air dielectric of a wavemeter has an appre- 
ciable effect on the dielectric constant and hence on the resonant frequency.” 
Thus, for example, in going at sea level from 25° C, and 60% humidity to 
50° C, and 90% humidity, the scale reading should be reduced by .03%. 
Correction can be made by means of a chart, a convenient form of which 
has been prepared by Radiation Laboratory. 


Calibration 


Frequency meters are calibrated against sub-standards which in turn are 
calibrated against a multiplier from lower frequencies for which a high order 
of accuracy can be obtained. Such multipliers have been made available 
at Radiation Laboratory and the National Bureau of Standards. The 
accuracy obtained at interpolation frequencies is of course less than at exact 
multiples of the base frequency. In the microwave range the accuracy is 
believed to be of the order of one part in 100,000. 


PowER MEASUREMENT 


There are two needs for power measurement in radar maintenance, namely 
(1) in evaluating transmitter performance and (2) in standardizing test 
signals. Power output is, of course, only one factor in transmitter perform- 
ance, others being (a) frequency and (b) spectral distribution or shape of 
RF envelope. Ability to measure absolute power is desirable to permit 
interchangeable use of test sets in the field. 


Measurement of Pulse Power 


The transmitter power as used in Formula (1) is the average power during 
the pulse. The relationship of pulse to (long) average power is 


Pray. 
P, pulse 


= Tf (7) 
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T is the pulse duration in seconds and f, is the pulse recurrence frequency 
(P. R. F.) in cycles per second. The product Tf, is the duty cycle. (Some- 
times the reciprocal of this number is referred to as the duty cycle. The 
magnitude is usually such that no ambiguity arises.) 

During the early days of radar it was the practice to measure pulse power. 
The test equipment was coupled to the radar by a path of known loss. The 
RF envelope was derived by means of a crystal rectifier and applied to an 
oscilloscope. With the aid of an RF attenuator the level applied to the 
crystal rectifier and oscilloscope was held constant. Calibration was ob- 
tained by using a signal generator whose output was standardized, prior to 
pulsing, with an averaging type of power meter. The procedure was rather 
involved, with several sources of possible error. Since it is much simpler 
to measure (long) average power, field measurement of pulse power was 
soon abandoned. Though the pulse power can be computed from average 
power if the pulse width, pulse shape and repetition rate are known, it soon 
became the practice to specify field performance requirements in terms of 
average power. 


Thermistor Power Meters 


A number of devices have been used for measuring average power in the 
microwave range. Those suitable for handling the small amounts of power 
normally involved in field tests include (1) thermistors, (2) platinum wires 
and (3) thermocouples. In each case the RF power to be measured is 
absorbed in the measuring element. The measurement consists in observing 
the resistance change in the thermistor or platinum wire, or the thermo- 
electric voltage from the thermocouple. By analogy with devices used for 
measuring minute quantities of radiant heat, either a thermistor or a 
platinum wire instrument is sometimes referred to as a bolometer. The 
platinum wire device has also been termed a barretter. 

A thermistor for microwave power measurement is a tiny bead (about 5 
mils in diameter) composed of a mixture of oxides of manganese, cobalt, 
nickel and copper, constituting a resistor with a very high negative tem- 
perature coefficient.* 

The thermistor has a number of advantages for microwave work, namely: 
(1) resistance is highly sensitive to change of heating power, which obviates 
any need for amplification or a super-sensitive meter, and makes it possible 
to use a rugged d.c. meter; (2) reactance is low compared with RF resistance, 
which makes it possible to incorporate the thermistor in a power absorbing 
termination which matches the impedance of a microwave transmission line 
over a wide band; (3) resistance change is the same function of electrical 
heating power at any frequency, which permits direct comparison of the 
unknown microwave power with easily measurable d.c. power; (4) sensitivity 


MICROWAVE RADAR TESTING 457 


to damage and burn-out is inherently low, and added protection results 
from impedance mismatch during overload. Because of these character- 
istics thermistors have been far more widely used than other detectors for 
microwave power measurement. Broad-band thermistor mounts have been 
designed to match both wave guide and coaxial transmission lines, the latter 
not only in the microwave range but also down to low frequencies. Some 
of the test sets specifically intended for power measurement or for combined 
power and frequency measurement are shown in Fig. 8. 

The change in the thermistor resistance due to RF heating current is 
determined by placing the thermistor in one arm of a d.c. bridge. By 
noting the d.c. power necessary to balance the bridge with and without RF 
power in the thermistor, the magnitude of the RF power may be determined. 
For most purposes, however, a direct reading power meter is preferable. 
This can be obtained over a moderate range of power levels by employing 
an unbalanced bridge. The bridge is balanced for d.c. only and the measure- 
ment consists in noting the meter deflection when RF power is added. 

The resistance of a thermistor is a highly sensitive function not only of 
electrical heating power but also of ambient temperature. For convenient 
field measurement, the effect of ambient temperature must be cancelled out 
in the indicator circuit so that the indication depends only on RF power. 


Water Loads * 


A method which has been used in the laboratory and factory for measuring 
high-level microwave power consists in terminating the RF transmission 
line in a water load arranged as a continuous flow calorimeter. This method 
can be made quite accurate but is cumbersome. More recent practice is 
to terminate the RF line in a solid load of a type described later in this ar- 
ticle, and to couple a thermistor power meter to the line by means of a 
directional coupler (described below) of known loss. Very close correla- 
tions have been obtained between the two methods over the entire micro- 
wave band. 


Ecuo Boxes 


A device unique to radar testing is a high Q resonant cavity, known‘as an 
“echo box” or “ring box.” The cavity is coupled to the radar transmission 
line or antenna as indicated in Fig. 11. During the transmitted pulse, 
microwave energy is stored in the cavity. In the period immediately there- 
after, energy is returned to the radar over the same path, producing a signal 
on the radar indicator. The energy in the cavity builds up exponentially 
to an amplitude dependent on the radar power. At the end of the pulse 
the returned energy decays exponentially, disappearing into the noise at a 
point determined by receiver sensitivity. The time interval between the 
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end of the transmitted pulse and the point where the signal on the radar 
indicator disappears into the background noise, called the “ring time,” 
therefore measures the over-all performance of the radar. 

An echo box is a particularly useful instrument for radar testing because 
it measures over-all performance directly, because it permits a rapid tune-up, 
and because it utilizes the radar transmitter as its only source of power and 
therefore can be made extremely portable. Figure 12 shows typical ring- 
time patterns on different types of indicators. In actual practice the ring- 
time is read in miles on the radar range scale and hence is measured from 







TRANSMITTER 


ANTENNA 


DIR. 
COUPLER 


RECEIVER 


-—_—— PEAK POWER 








IN ECHO BOX 


of 

wu 

> 

a 

— RECEIVER 

& NOISE LEVEL 
2 : 

° 

2 


| 

| 

| 

TRANSMITTER ON-OFF | 
|} Inc Inc TIME ————+ 


Fig. 11—Radar test with echo box. 


the beginning of the transmitted pulse rather than the end. The difference 
is unimportant, however, since standard and limiting values of ringtime are 
established for operating conditions. It will be noted that the echo box 
does not return a true echo to the radar, so that the name “echo box” is not 
entirely appropriate. 


Types and Uses 


Echo boxes are of two general types, tuned and untuned. A tuned echo 
box is designed to resonate in a single mode adjustable over the operating 
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frequency range. An untuned echo box is a fixed cavity of a size sufficient 
to support a very large number of modes within the working range. Tuned 
echo boxes are more versatile and more widely used than untuned boxes. 

The most common type of tuned echo box is designed for hand tuning. 
While other shapes are possible, the most convenient one is a right cylinder 
whose length is adjusted by a movable piston. The TEo,1,, mode gives 
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Fig. 12—Typical ringtime patterns on radar indicators. 


maximum (Q) for a given volume and minimizes the number of unwanted 
modes present within the desired band. The value of » is determined by 
the desired value of Q (see formula 5). Unwanted modes can be partially 
avoided by choice of design parameters. However, for high values of Q, 
and especially for broad frequency bands, the suppression of unwanted 
modes involves design problems of the highest order. 
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As indicated in Fig. 13, a tuned echo box cavity is usually provided with 
two couplings. One of these is to the radar pick-up; the other to an attenu- 
ating device, crystal rectifier, and meter, which serve for tuning the cavity 
and for other purposes. With such an instrument, not only can the radar 
be tuned up and its over-all performance determined, but many other tests 
can be made, to wit: (1) the setting of the plunger at resonance indicates 
the transmitter frequency or wavelength; (2) calibration of the crystal 
affords a rough measure of output power; (3) since the Q required for ade- 
quate ringtime is so high that the cavity selects only a narrow segment of 
the transmitter spectrum, a spectrum analysis can be made by plotting fre- 
quency versus crystal current reading; (4) slow recovery of TR box and 
receiver after the transmitted pulse can be detected by noting the behavior 
of the ringtime pattern at short ranges as the echo box is detuned; (5) 
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Fig. 13—Functional schematic of tuned echo box. 


inability of the receiver to recover promptly after a strong signal (the result 
of imperfect d.c. reinsertion in the video amplifier or of overloading of the I.F. 
amplifier) is indicated by a blank following the end of the ring; (6) improper 
pulsing (e.g. double moding or misfiring) can be determined with a class A 
oscilloscope; (7) the frequency and power of the local oscillator can be 
measured. In tuned echo boxes, requirements for extreme fineness of tuning 
control and precise resettability have given rise to interesting problems in 
the design of the mechanical drive and indicating mechanism. 

In another type of echo box, hand tuning is supplemented by motor-driven 
tuning or so-called “wobbling” over a frequency range wide enough to 
embrace expected variations in transmitter frequency. Operation is con- 
trolled by a single push-button which energizes the motor and actuates the 
cavity coupling. Such an instrument may be permanently installed ina 
plane and used to check the radar during flight. 


MICROWAVE RADAR TESTING 461 


For an untuned or multi-resonant echo box, rectangular shape is con- 
venient. The box should be large enough to make it highly probable that 
over the operating band one or more modes will be present within any fre- 
quency interval of width equal to the main concentration of the transmitter 
spectrum. Fora given rectangular volume a cube gives the largest number 
of modes. The total number of modes up to a frequency of waye length 
d is 

Ny = 8.38 V/d (8) 


where V is the volume. However, because of the cubical shape many dif- 
ferent modes tend to coincide in wavelength, a condition referred to as 





Fig. 14—A group of echo boxes of various types. 


degeneracy. To spread out the modes, the box is made slightly off cube and 
one or more corners sliced off. At the longer microwaves the size of box 
is determined by the number of modes, and the size becomes quite awkward. 
For the shorter microwaves the size is determined by the required value 
of Q. Hence the use of untuned echo boxes has been limited to the fre- 
quency range from about 9000 mc upwards with sizes of the order of 12 to 
24 inches on a side. Even with an extraordinarily high probability of find- 
ing modes within the radar band, substantial differences in response ate 
found for relatively small changes in frequency. Accordingly untuned echo 
boxes are more useful for rough tune-up than for precise measurement. 

A number of specific designs of echo boxes for different microwave bands 
are shown in Fig. 14. 
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Q and Ring Time 


For satisfactory measurement the ringtime must extend beyond nearby 
echoes which would obscure the test signal. For most radars a ringtime of 
20 to 30 microseconds (about 2 to 3 miles) has been found satisfactory al- 
though considerably higher values have sometimes been provided. Even 
apart from echoes, a long ringtime is desirable since this gives a lower decay 
rate and a more sensitive measurement. 

Computation will show that an extremely high value of Q is necessary 
to obtain the desired ringtime. For maximum ringtime the cavity coupling 
should be such as to make the working Q (Q;) about 90 per cent of the non- 
loaded Q. Values of working Q which have been provided in different fre- 
quency ranges are approximately as follows: 


Frequency 9° Qy, Frequency Q, 
1,000 me 70,000* 10,000 mc 100,000 
3,000 40,000 24,000 200,000 


* In this case a higher Q was needed for a long range ground search system. 


The difference in performance corresponding to a given change in ring- 
time can be determined from the decay rate which is 


d = 27.3 f/Q, db/microsecond (9) 


For a given frequency the ringtime is directly proportional, and the decay 
rate inversely proportional, to Q. For a given ringtime, the required Q is 
directly proportional to frequency. 

Accurate measurement of extremely high Q’s is essential in echo box work. 
A decrement method, in which a pulsed RF oscillator and oscilloscope are 
used to determine the loss corresponding to a known time interval, has 
proved most satisfactory. 


Spectrum ANALYSIS 


The frequency components of a non-repetitive rectangular d-c. pulse may 
be determined by well known methods using Fourier integral analysis. 
The envelope of amplitudes is of the form (sin x)/« where « = afT. This 
envelope is shown by the right-hand side of the curve of Fig. 15a, fo being 
assumed to represent zero frequency. The first zero occurs at the fre- 
quency f = 1/T. 

Similarly the envelope of the spectrum of a rectangular a-c. pulse is given 
by the complete curve of Fig. 15a, fo in this case being the carrier frequency. 
For a non-repetitive pulse all frequencies are present in amplitude as shown 
by the envelope. When a stable carrier frequency is pulsed at uniform 
intervals and in precise phase relation, only harmonics of the repetition 
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frequency are present under the envelope. In radar practice conditions 
are, as a rule, not sufficiently stable for this to occur. 

Because of its bandwidth, an echo box cannot reproduce the ideal spec- 
trum envelope of Fig. 15a. Instead the curve for a good spectrum may 
resemble that of Fig. 15b, while spectrum irregularities detrimental to radar 
performance may be revealed by curves such as those of Fig. 15c and 15d. 
Broadening of the spectrum is undesirable because less energy falls within 
the receiver band. Energy removed from the main concentration may 
result from double moding or from the occurrence of a different frequency 
during the rise or fall of the pulse. Frequency modulation due to a sloping 
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Fig. 15—Radar spectrum analysis with echo box. 


or spiked input pulse produces a non-symmetrical spectrum, not infre- 
quently characterized by a high side lobe. Frequency jump in the middle 
of the pulse, due to line reflection, may produce two distinct maxima. 
Another device widely used for this purpose’ is the “Spectrum Analyzer” 
as developed by Radiation Laboratory, which provides an oscilloscope 
presentation of spectrum component amplitudes versus frequency. 


STANDING WAVE MEASUREMENTS 
Theory 


The expression for the distribution of current or voltage along a mis- 
terminated line of appreciable electrical length yields two terms which 
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may be considered as representing two waves transmitted in opposite direc- 
tions, one (the incident wave) from the generator toward the load, the other 
(the reflected wave) from the load toward the generator. The summation 
is a standing wave pattern. The standing wave ratio (SWR) is defined as 
the ratio of the wave amplitude at a maximum point (anti-node) to that at a 
minimum point (node). If the standing wave ratio is stated as a numeric, 
it is necessary to specify whether it applies to voltage (VSWR) or power 
(PSWR). Possibility of ambiguity is avoided by stating the ratio in db. 

The ratio of the reflected current to the incident current is the reflection 
coefficient, here designated as p. The value of the reflection coefficient is 
given both in magnitude and phase by 


4-2 
PY +2 
where Zp is the characteristic impedance of the line and Z is the Joad imped- 


ance. The reflection coefficient is related to the standing wave ratio as 
follows: 


(10) 


ka eT oe. gee (11) 
1-—p o+i1 
Plots of the relationships are shown in Fig. 16. 

The reduction of radiated power due to reflection losses in a radar trans- 
mission line, while important, is usually less serious than other effects of 
impedance irregularities. Since the load impedance reacts on the oscillator 
circuit, the frequency and output of most transmitter tubes are quite sensi- 
tive to load impedance. If the line is electrically long, so that its impedance 
varies rapidly with frequency, marked instability of oscillator frequency 
may occur, a condition referred to as “long line effect.” 

Since radar transmission lines contain many potential sources of imped- 
ance discontinuity, including not only the antenna but a variety of couplings, 
bends, wobble joints, rotating joints, switches, etc., measurements of stand- 
ing wave ratio are fréquently required. The need for such measurements 
depends in part on whether the line is “preplumbed” or is provided with 
field adjustments. 

Devices 

Standing waves may be detected and measured by several different types 
of devices, including (1) a slotted line, (2) a squeeze section, (3) a directional 
coupler and (4) a hybrid T. All of these furnish information on the mag- 
nitude of the standing wave ratio. In some cases phase information may 
be obtained also, which permits determination of impedance,” but this 
knowledge, while useful in the laboratory, is seldom required in field work. 
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A block diagram of an arrangement employing a slotted line for measuring 
standing waves is shown in Fig. 17. The oscillator source is commonly 
followed by a pad or attenuator to prevent frequency pulling. The slotted 
section may be either a coaxial or a wave guide line employing a mode which 
is not disturbed by the presence of the slot (e.g. normal coaxial mode; TE;,o 
in rectangular wave guide; TM», in round wave guide). A traveling pick-up 
probe or loop projects through the slot and couples energy from the line 
into a detector which delivers d-c. or audio-frequency to the indicator. The 
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Fig. 16—Relations in mismatched transmission lines. 


probe is moved longitudinally to find points of maximum and minimum field 
strength. To avoid distortion of the field within the line, the probe should 
be small and should project only a short distance inside the slot. For 
accurate results extreme care must be exercised in design and construction 
to avoid variation in depth of immersion as the probe is moved. Several 
slotted lines employed for standing wave measurements are shown in Fig. 18. 

A squeeze section consists of a section of rectangular guide with slots 
milled in the center of both broad faces so that the width of the guide can 
be varied by external deforming means. This changes the wave length in 
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the guide, so that maximum and minimum values may be determined by a 
fixed probe and indicator. 

The use of a directional coupler for standing wave measurement is dis- 
cussed in the following section. 

Another useful device for standing wave measurement is the “hybrid T” 
or “magic T”. ‘This is a sort of microwave bridge, consisting of a main 
wave guide to which an E plane branch and an H plane branch are joined in 
the same physical plane. With matched terminations of the two ends of the 
main guide, the two branches are conjugate. Terminating one end of the 
main guide in the unknown impedance and the other in a matched termina- 
tion, the degree of impedance mismatch of the unknown is indicated by the 
magnitude of the reflected wave which appears in one branch when energy 
is fed into the other. 


DIRECTIONAL COUPLERS 


Accurate measurement of transmitter power and receiver sensitivity 
requires a coupling path of known loss between the radar and the test set. 
The first method employed for this was to place a portable test antenna 
(see Fig. 2) in the field of the radar antenna. Depending on the frequency 
range, this test antenna took the form of a dipole,'° with or without a small 
reflector, or an electromagnetic horn." With this method it was necessary 
to calibrate the loss of the space coupling path between the two antennas. 
Since it proved difficult to locate the test antenna at exactly the same 
point and to be sure that the main antenna pattern remained the same, a 
separate calibration of the coupling loss was usually required whenever a 
measurement was made. 

An alternative method was to place a single probe in the radar ganatntssion 
line. This introduced another sort of difficulty. Accuracy of measurement 
was vitiated by the presence of standing waves which rendered the probe 
pick-up a function of frequency and of location with respect to the irregu- 
larities. A highly satisfactory answer to the entire problem was found in 
a device which is called a directional coupler because it couples only to the 
wave propagated in one direction. In its simplest form a directional coupler 
consists of two couplings to the main transmission line, which add for one 
direction of transmission and cancel for the other. Thus, for example, 
Fig. 10a shows a form of directional coupler for wave guide which is placed 
in the radar transmission line at the point indicated schematically in Fig. 1. 
An auxiliary wave guide is coupled to the main guide through two identical 
orifices spaced \,/4 between centers (or more generally mA,/4 where 1 is 
an odd integer). Assuming the incident and reflected waves in the main 
guide to be directed as shown, and’the auxiliary guide to be terminated on 
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one end, a test circuit connected to the other end will be coupled to the 
incident wave, while theoretically the two couplings to the reflected wave 
will differ by \/2 and therefore cancel one another. 

With such a device measurements may be made of the characteristics 
of the incident wave independently of reflections. If the coupling to the 
main line is not too close there is no appreciable effect on the incident wave, 
and continuous monitoring can be had. Conversely, test signals applied 
through the directional coupler will travel in the main guide in the proper 
direction for testing the radar receiver. . 

If the locations of the termination and the test connection point in Fig. 
19a are reversed, the couplings to the main transmission line are also re- 
versed. Such an arrangement therefore permits measurement of the re- 
flected power which in turn makes it possible to adjust for minimum re- 
flected power and hence for minimum SWR. Comparison of the reflected 
power with the direct power determines the SWR. For convenience in 
measurement, two directional couplers pointed in opposite directions are 
frequently used, the combination being referred to as a bi-directional coupler 
(Fig. 19b). One advantage of this arrangement is that the ability to measure 
the reflected power from the antenna and that part of transmission line 
beyond the coupler provides means for detecting trouble in that part of the 
system. Directional couplers may be applied to any type of transmission 
line. Figure 19c shows a simple form of directional coupler for a coaxial 
line. 

One characteristic of importance in a directional coupler is the coupling 
loss. A small value of coupling loss affords increased sensitivity of measure- 
ment, while a sizable value is desirable to minimize reaction on the main 
transmission line as well as for other reasons. A loss of around 20 db has 
usually been found a good compromise. It is now the practice to in- 
corporate a directional coupler in every radar to obtain a test connection 
point. 

Due to unavoidable imperfections, a directional coupler never gives com- 
plete cancellation for the undesired direction of transmission. The de- 
parture from ideality is indicated by the directivity (also referred to as 
front-to-back ratio) which is defined as the scalar ratio of the two powers 
measured at the test connection point when the same amount of power is ap- 
plied to the main guide, first in one direction and then in the other. For 
measurements of the direct wave and of receiver characteristics, a moderate 
directivity, of the order of 15 db or better, is sufficient. In measuring re- 
flected power, however, the directivity determines the amount of direct 
power which appears at the point of measurement and therefore controls 
accuracy. The chart of Fig. 20 will facilitate determination of the maximum ’ 
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error that may occur in measuring different values of SWR with various as- 
sumed directivities. 

With a simple two-hole coupler, the directivity deteriorates rapidly as 
the frequency departs from that corresponding to quarter-wave spacing. 
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Fig. 20—Error in standing wave measurements caused by directivity of directional 
coupler. 


By providing additional couplings suitably spaced, the residuals from 
different sets of couplings can also be cancelled against one another and the 
directivity versus frequency characteristic can be materially broadened. 
With multiple hole couplings a minimum directivity of 26 to 30 db over a 
frequency band of 10 to 20% is readily practicable in quantity production, 
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and much better values are obtained in the laboratory. Some of the nu- 
merous designs of directional couplers developed for association with operating 
radars are shown in Fig. 21. 

Because they are more convenient than slotted lines and can be made more 
accurate, directional couplers have been extensively used for SWR measure- 
ment in the laboratory. A number of special arrangements have been 
devised to improve both accuracy and convenience. A directional coupler 
arrangement which has been provided for field measurement of SWR in the 
vicinity of 25,000 mc is also illustrated in Fig. 21. In this the direct power 
is brought to equality with the reflected power by an attenuator whose dial 
is calibrated directly in SWR. A wave guide switch facilitates the power 
comparison. 

AUXILIARIES AND COMPONENTS 


RF Loads 


An RF load (or dummy antenna) which will absorb the radar power in 
an impedance which matches the transmission line is very useful in radar 
work, Such a device permits testing the radar in operating condition with- 
out actual radiation which might give information to the enemy or interfere 
with other radars. It also makes it possible to test the radar in locations 
where reflections from the ground or nearby objects would otherwise hamper 
or prevent a test. RF loads for microwave work usually consist of a section 
of transmission line (either coaxial or wave guide, depending on wavelength) 
containing a high-loss dielectric. The impedance of such a load is neces- 
sarily low and must be matched to the radar line by tapering the dielectric 
over a distance of several wave lengths.!° Moreover, if the line is to handle 
high power, tapering over a considerable length is necessary to distribute 
the heat. 

A coaxial load is preferably tapered from outer conductor to inner con- 
ductor, since this both reduces the voltage gradient and facilitates heat 
dissipation. A dielectric consisting of a mixture of bakelite, silica and 
graphite, molded in place, has been found satisfactory. For wave guides a 
ceramic containing carbon may be preformed, with taper in one or two 
dimensions, and cemented in place. 

Figure 22 shows a number of RF loads developed for different frequency 
bands. One of these, TS-235/UP, provides an excellent impedance match 
over the frequency range from 500 mc to above 3,000 mc. When equipped 
with a blower designed for uniform transverse ventilation, it will handle a 
peak power of the order of 750 kw with a duty cycle of about .001. 


Microwave Attenuators and Pads 


RF attenuators and pads are cornerstones of microwave testing. At- 
tenuators are used to adjust unknown signals to levels suitable for measure- 
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TERMINATIONS 


b. WAVE GUIDE BELOW CUTOFF 


Fig. 23—Microwave attenuators. 


ment and to obtain the minute test signals required for measuring receiver 
characteristics. Pads serve to change levels and to prevent interaction 
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between testing components. Microwave attenuators and pads are of 
two general types (a) those which employ dissipative elements to absorb 
power and (b) non-dissipative devices which introduce propagation or 
coupling loss. 

For the shorter microwaves the most convenient form of attenuator is of 
the dissipative type, employing:a strip or vane of dielectric coated with a 
resistance material, as for example, carbon-coated bakelite. This is placed 
in rectangular wave guide with its plane paralleling the side of the guide. 
The attenuation is varied by varying the depth to which the vane is inserted 
in the guide (Fig. 23a) or by changing its position in the guide. A valuable « 
feature of such attenuators is that the minimum loss can be made substanti- 
ally zero. For good impedance match the strip must be tapered. By 
using two strips the over-all length of the attenuator can be reduced. 
Extremely satisfactory attenuators of this type covering a frequency range 
of 8 to 12%, with loss variable from 0 to 35 or 40 db, have been obtained 
in the frequency range 4,000 to 24,000 mc. 

For the longer microwaves, where wave guides are inconveniently large, 
attenuators of the wave guide-below-cutoff type are very useful. These 
consist of a section of round wave guide whose diameter is small compared 
with wavelength and whose length is adjusted by telescoping (see Fig. 23b). 
The TMo,1 mode has been found very satisfactory, and TE, has also been 
used. Connection is made to the attenuator by a coaxial circuit at each 
end, with disk excitation for the 7Mo,1 mode and loop coupling for TE; 1. 
The attenuation formulas are:! 


_ 418. 1.31D\? 
TM. aS MA = eS db/meter (12) 
TE\a. A= = 1- (EY db/meter (13) 


where D = diameter of wave guide in meters. Because of the effect of 
other modes when the coupling is close, a minimum loss of 20 to 30 db is 
required before the attenuation becomes linear with displacement. The 
attenuation differentials are substantially independent of frequency. At- 
tenuators of this type present a large impedance mismatch at either end, 
the effect of which may be alleviated by padding or by a termination. 

Types of pads employed in microwave work include the following: 

(1) Flexible coaxial cable, usually with high resistance inner conductor. 

(2) Coaxial + with carbon coated rod and discs. 

(3) Coaxial with carbon coated rod as inner conductor. 

(4) Resistance strip in wave guide. 

(5) Directional coupler. 
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In calibrating microwave attenuators and pads, comparison with an 
accurately calibrated IF attenuator, using a heterodyne test set, has been 
found to give excellent results. 


RF Cables and Connectors 


Flexible RF cables for connecting test equipment to equipment under 
test are an important adjunct of field testing. At frequencies of 10,000 mc 
and below, flexible coaxial cables of about .4” over-all diameter with solid 
or stranded inner conductor, solid low-loss dielectric (polyethylene) and 
braided outer conductor have been used satisfactorily, although in the upper 
part of this range special measures have been necessary to prevent attenua- 
tion change due to flexure and aging. Over most of this range coaxial jack 
and plug connections have been found satisfactory but wave guide connectors 
are preferable at the upper end. In the range above 10,000 mc, coaxial 
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Fig. 24—Radar pulse envelopes. 


cables of requisite stability have not yet been obtained and rubber covered 
wave guide with soldered articulated joints is the best form of flexible cable 
now available. 


OscILLOSCOPES 


Oscilloscopes are used extensively in radar maintenance (a) for examina- 
tion of video waves and (b) for viewing RF envelopes. Satisfactory radar 
performance depends on a variety of video wave shapes which may include 
trapezoidal or triangular pulses, sawtooth waves, square waves or com- 
binations of these. Observation of these wave shapes, supplemented if 
necessary by measurements of amplitude and duration, helps in diagnosing 
many troubles. 

Examination of the envelope of the RF pulse is a convenient but less 
informative alternative to spectrum analysis. The envelope should be a 
clean, single trace of good shape. Figure 24 shows traces sometimes experi- 
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enced. Double moding, i.e., oscillating at different frequencies on different 
pulses, is shown by a double trace. Frequency jumping during a pulse is 
shown by a break in the envelope. Misfiring gives a base line under the 
envelope. Other abnormalities in ‘the RF envelope may result from in- 
correct video wave shape. Observation of the RF envelope requires a 
rectifier, usually a crystal, together with a suitable video amplifier. Since 
limitation of the scope to video functions permits general application to 
radars of all frequencies, the rectifier is generally provided externally. 

The oscilloscopes available before the war did not meet the requirements 
of radar. Fast sweeps were necessary to permit viewing of pulses ranging 
from several microseconds to a fraction of a microsecond. Amplifiers were 
required for such pulses with low phase and amplitude distortion over a 
broad frequency band. Existing methods of synchronizing and phasing 
sweeps were also inadequate. The progress of the oscilloscope art during 
the war is illustrated in the successive designs of field test oscilloscopes 
shown in Fig. 25. 

The BC910A oscilloscope, gotten out as a “stop gap” not long after the 
attack on Pearl Harbor, incorporates fast sweeps and broad-band amplifica- 
tion. Following close upon this was the BC1087A (Navy code CW60AAY) 
which replaced sine wave synchronization by a start-stop sweep triggered by 
the incoming pulses. This feature made it possible to superpose the erratic 
pulses produced by spark wheel and similar pulsers and at the same time 
avoided external synchronizing connections. A valuable feature conjoined 
with the start-stop sweep was a delay network in the main transmission path 
which gave the sweep time to start before the pulse reached the cathode-ray 
tube. This osciJloscope in original and modified form has seen wide service 
in al] theaters. However, its weight of more than 60 pounds was a handicap 
for many uses. 

Further advances in oscilloscope circuitry and in weight limitation re- 
sulted in TS-34/AP, weighing only 25 pounds. This combined the short 
pulse features of the previous design with those of the conventional oscillo- 
scope for viewing slower waves. A schematic diagram is shown in Fig. 26. 
A redesign, coded as TS-34A/AP, incorporated variable start-stop sweeps 
and improved mechanical design. These two oscilloscopes, TS-34 and TS- 
34A, were produced to a total of some 12,000 and universally used by all 
branches of the service for both radar and radio testing. Toward the end 
of the war the trend toward shorter pulses, coupled with the need for precise 
measurement of wave amplitude and duration, led to a new design, TS- 
239/UP, which embodied wide advances over TS-34A in performance and 
versatility but with an increase in weight. 

In association with different oscilloscopes, other video devices have been 
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employed. The amplitude of pulse applied to the magnetron is thousands 
of volts. To derive a voltage suitable for application to the oscilloscope, a 
voltage divider of the condenser type is used (TS-89/AP). Suitable video 
terminations, dividers, and loads, sometimes of high voltage and power 
capacity, are required to obtain proper test conditions and provide con- 
venient test points (TS-98/AP, TS-390/TPM-4, TS-90/AP, TS-234/UP). 
Originally a high-impedance connection to the oscilloscope was effected by 
a single-stage amplifier unit (BC1167A), but a simple divider type of probe 
was later found more satisfactory for this purpose. 


COUPLING SIGNAL 
AMPLIFIER AMPLIFIER 


3NAL 


PUT 


NC 


ERNAL 






START- STOP 
SWEEP GENERATOR 





SAWTOOTH 
SWEEP GENERATOR 


ANN" 
Fig. 26—Block diagram of TS-34/AP and TS-34A/AP oscilloscopes. 






RANGE CALIBRATION 


Types of timing circuits used for radar range determination include (a) 
multi-vibrators, (b) coil and condenser oscillators (generally without but 
sometimes with temperature control) and occasionally (c) quartz crystal 
oscillators. The first two depend for their accuracy on condensers, re- 
sistances, coils and other elements which are subject to error due to aging, 
temperature, humidity, mechanical damage and the like. Nor is the quartz 
crystal oscillator wholly immune to error. Consequently, portable range 
calibrators are required for field maintenance. 
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TS-102A/AP (Fig. 27) and its predecessors TS-102 and TS-19 are pre- 
cision calibrators which have been extensively used for checking a large 
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Fig. 27—Block diagram of TS-102/AP and TS-102A/AP range calibrators. 





Fig. 28—Two test sets for checking the computers used in bombsight and fire control 
radars. 


number of different airborne bombing and gunlaying radars and shipborne 
fire control and search radars. These sets deliver accurately spaced marker 
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pulses, derived from a quartz crystal oscillator, for checking the radar range 
pulses. A trigger pulse derived from a multi-vibrator synchronized with the 
quartz oscillator is also provided for actuating the radar timing circuits. 
With certain radars the calibration procedure requires an oscilloscope as well. 
Extreme stability of marker pulses, better than +.02 microsecond, is ob- 
tained. A stop watch is included in these sets for checking rate of change 
in range. 

Less precision is required in range calibration of search radars. For this 
purpose the TS-5/AP calibrator provides marker pulses of }, 1, 5 or 10 
nautical or statute miles, derived from a coil and condenser oscillator with 
closely controlled temperature coefficients. This calibrator is designed to 
be triggered by the radar or some other external source. 


Computer Test Sets, Etc. 


A number of radars are equipped with computers which receive the data 
on location of target and its direction and rate of change, together with 
essential related information on such factors as wind velocity, ground speed, 
altitude, etc., and deliver the solution of the ballistic problem in the form 
of a voltage which releases bombs, points the guns or serves other purposes. 
Means for checking the accuracy of these computing devices are generally 
required. The type of test set needed depends upon the computer design, 
which has taken different forms according to the nature of the problem and 
the state of the art. 

Two types of computer test set are shown in Fig. 28. TS-158/AP, de- 
signed for use with certain airborne bombing radars, furnishes to the com- 
puter a signal representing a target approaching at known speed and checks 
the accuracy of bomb release. TS-434/UP, designed for several airborne 
and ground radars, is an accurate instrument for determining the voltage 
ratios at various points in a computer and thus checking its performance. 


CONCLUSION 


More than 200 different designs of test sets were developed during the 
war by Bell Laboratories to meet the exacting requirements of radar field 
maintenance. These differed radically from previous art. Outstanding 
features were portability, precision and generality of application. The 
large number of designs is due partly to the varied functions of radar and to 
the varied conditions of use. Largely, however, it results from the fact 
that the frequency band that can be handled in any one set is limited, 
whereas many frequency ranges and subranges had to be covered in all. 

Altogether more than 75,000 radar test sets were manufactured by 
Western Electric Company and these were used in all theatres of war by the 
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United Nations forces. The production rate at the end of the war exceeded 
5,000 test sets a month. In numerous cases, moreover, small preproduction 
quantities of test equipment were built on a “crash” basis for special mis- 
sions and for training purposes. The test equipment produced for the field 
had to be more precise than the radars, and the equipment used in the factory 
and laboratory to test the field test equipment had to be still more precise. 

Trends of development at war’s end were toward (a) further broad-band- 
ing, simplification and precising, and (b) coverage of new frequency ranges. 
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High Q Resonant Cavities for Microwave Testing 


By I. G. WILSON, C. W. SCHRAMM and J. P. KINZER 


Formulas and charts are given which aid the design of right circular cylinder 
cavity resonators operating in the TE 01n mode, which yields the highest Q for 
agiven volume. The application of these to the design of an echo box radar test 
set is shown, and practical considerations arising in the construction of a tun- 
able cavity are discussed. 


INTRODUCTION 


TUNABLE high Q resonant cavity is a particularly useful tool for 

determining the over-all performance of a radar quickly and easily'.* 
Further, since it uses the radar transmitter as its only source of power, it can 
be made quite portable. When a high Q cavity is provided with two cou- 
plings, one for the radar pickup and the other to an attenuating device, 
crystal rectifier and meter which serve for tuning the cavity not only can 
an indication of over-all performance be obtained but other useful informa- 
tion as well. For example, the transmitter frequency can be measured; 
calibration of the crystal affords a rough measure of the transmitter power; 
and an analysis of the spectrum can be made by plotting frequency versus 
crystal current. This information is of particular importance in radar 
maintenance. 

The Q required for this purpose is quite high, comparable to that obtained 
from quartz crystals in the video range. For this reason, such cavities 
have many additional possibilities for use in microwave testing equipment 
and microwave systems. For example, they may form component parts of 
a narrow band filter, or be used as discriminators for an oscillator frequency 
control. 

Resonant cavities are of two general types—tuned and untuned. A tuned 
cavity is designed to resonate in a single mode adjustable over the radar 
frequency range. An untuned cavity is of a size sufficient to support a 
very large number of modes within the working range. Both are useful, 
but the tuned variety can give more information about the radar and hence 
has been more widely used. 

While a tuned cavity may be a cylinder, parallelepiped or sphere (or even 
other shapes), the first of these has been most thoroughly explored by us. 
It offers the possibility of utilizing the anomalous circular mode, described 
by Southworth? in his work on wave guides, which permits the attain- 
ment of high Q’s in quite a small size. In addition, it is easier to construct 
a variable length cylinder than a variable sized sphere. : 

* Superscripts refer to bibliography. 
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Due to their interesting properties the history of resonators of the cavity 
type in which a dielectric space is enclosed by a conducting material, goes 
back many years. In 1893 J. J. Thompson? derived expressions for resonant 
frequencies of the transverse electric modes in a cylinder. Lord Rayleigh* 
published a paper in 1897 dealing with such resonant modes. The early 
work was almost entirely theoretical but some experiments were carried out 
in 1902 by Becker’ at 5 and 10 centimeters. In recent years, the subject 
has been fairly thoroughly investigated (at least theoretically) for several 
simple shapes. 

However, many of the presentations are highly mathematical with con- 
siderable space devoted to proofs; the results which would be most useful 
to an engineer are thus sometimes obscured. The purpose of this paper is 
to present certain engineering results together with information upon the 
application of the tunable cylindrical cavity to radar testing. 


DEFINITIONS AND FUNDAMENTAL FORMULAS 
Modes 


By fundamental and general considerations, every cavity resonator, re- 
gardless of its shape, has a series of resonant frequencies, infinite in number 
and more closely spaced.as the frequency increases. The total number V 
of these having a resonant frequency less than f is given approximately by: 


87 103 
N= 34 (1) 
in which 

V = volume of cavity in cubic meters. 

c = velocity of electromagnetic waves in the dielectric in meters per 
second. 

j = frequency in cycles per second. 

With each resonance there is associated a particular standing wave pattern 
of the electromagnetic fields, which is identified by the term “mode.” 

In right cylinders (ends perpendicular to axis) the modes fall naturally 
into two groups, the transverse electric (TE) and the transverse magnetic 
(TM). In the TE modes, the electric lines everywhere lie in planes per- 
pendicular to the cylinder axis, and in the TM modes, the magnetic lines 
so lie. Further identification of a specific mode is accomplished by the 
use of indices. 


The MS Factor 


With the cylinder further restricted to a loss-free dielectric.and a non- 
magnetic surface, there is associated with each mode a value of Q (quality 
factor)’ which depends on the conductivity of the metallic surface, on the 
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frequency and on the shape of the cylinder, e.g. whether it is circular or 
elliptical, and whether it is slender or stubby. The quantity ee however, 


depends only upon the mode and shape of the cylinder and has been referred 
to as the mode-shape (MS) factor. In this formula, 6 refers to skin depth 
as customarily defined’, and \ is wavelength in the dielectric, as given by 


A= 7 both 6 and } are in meters. 


Fundamental Formulas 


; ‘ 6 ‘ : 
Expressions for standing wave patterns and Q are given in Table I, 


for right rectangular, circular and full coaxial cylinders*. The table is 
virtually self-explanatory, but a few remarks on mode designation are 
needed. The mode indices are /, m, ” following the notation of Barrow and 
Mieher.? In the rectangular prism they denote the number of half-wave- 
lengths along the coordinate axes. For the other two cases they have an 
analagous physical significance with / related to the angular coordinate, 
m to the radial and x to the axial. . 

In the elliptical cylinder, a further index is needed to distinguish between 
modes which differ only in their orientation with respect to the major and 
minor axes; these paired modes are termed even and odd, and have slightly 
different resonant frequencies.!° In the circular cylinder they have the 
same frequency, a condition which is referred to as a degeneracy (in this 
case, double); that is, in the circular cylinder, odd and even modes are dis- 
tinguishable only by a difference in their orientation within the cylinder 
with reference to the origin of the angular coordinate. In Table I, the 
field expressions are given for the even modes; those for the odd modes are 
obtained by changing cos /@ to sin /@ and sin /6 to cos 19 everywhere. 

The value of W in the table is based on counting this degeneracy asa 
single mode; counting even and odd modes as distinct will nearly double the 
value of WV, thus bringing it into agreement with the general equation (1). 
The distinction between even and odd modes is of limited importance in 
practical applications, and will not be further mentioned. 

In Table I, the mks system of units is implied. The notation is in gen- 
eral accordance with that used in prior developments of the subject. For 
engineering applications, it is advantageous to reduce the results to units 
in ordinary use and to change the notation wherever this leads to a more 
obvious association of ideas. For these reasons, in what follows attention 


* The elliptic cylinder (closely allied to the circular cylinder of which it is a géneraliza- 
tion) is omitted as the necessary functions are not widely known or easily available. 
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is confined to the circular cylinder, with changes in units and notation as 
specified later. 
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Fig. 1—Mode chart for right circular cylinder resonant cavity. 


The Mode Chart 


The formula relating the resonant frequency to the mode, shape and 
dimensions of the cylinder is of prime interest. It may be simply written as 


(DY = A+ Be (?y (2) 


412 


where 


f = frequency in megacycles per second. 


BELL SYSTEM TECHNICAL JOURNAL 


D = diameter of cavity in inches. 
L = length of cavity in inches. 
A =a constant depending upon the mode. Values of A are given in 


Table II for the lowest 30 modes. 


Values of Bessel function roots 


are given in Table III for the first 180 modes. 
B =a constant depending upon the velocity of electromagnetic waves 
in the dielectric. For air at 25°C and 60% relative humidity, 
B = 0.34799 X 108. 
n = third index defining the mode, i.e., the number of half wavelengths 
along the cylinder axis. 


Taste I1.—Constants for Use in Computing the Resonant Frequencies of Circular Cylinders 


sor (2)'+ (3) (Py =4+ne 


¢ = 1.17981X 10° inches/second 


B = 0.34799 X 10° 














Mode r A 
TM 01 2.40483 0.81563 X 108 

02 5.52008 4.2975 
03 8.65373 10.5617 
aL 3.83171 2.0707 
12 7.01559 6.9415 
13 10.17347 14.5970 
21 5.13562 3.7197 
22 8.41724 9.9923 
31 6.38016 5.7410 
32 9.76102 13.4374 
41 7.58834 8.1212 
51 8.77148 10.8511 
61 9.93611 13.9238 
TEO1 3.83171 2.0707 
02 7.01559 6.9415 
03 10.17347 14.5970 

11 1.84118 0.47810 
12 5.33144 4.0088 
13 8.53632 10.2770 
21 3.05424 1.3156 
22 6.70613 6.3426 
23 9.96947 14.0175 
31 4.20119 2.4893 
32 8.01524 90606 
41 5.31755 3.9879 
42 928240 12.1520 
51 6.41562 5.8050 
61 7.50127 7.9359 
1 8.57784 10.3772 
81 9.64742 13.1265 





Value of ¢ is for air at 25°C. and 60% relative humidity. D and L in inches; f in 


megacycles. 
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Formula (2) represents a family of straight lines, when (D/L)? and (fD)? are 
used as coordinates, and leads directly to the easily constructed and highly 
useful “Mode Chart” of Fig. 1. 

It will be noted from Table II that the TE Omn and the TM 1mn modes 
have the same frequency of resonance. This is a highly important case of 
degeneracy. In the design of practical cavities it is necessary to take 
measures to eliminate this degeneracy, as the TM mode (usually referred 
to as the companion of its associated TE mode) introduces undesirable 
effects. This is discussed more at length later. 


Choice of Operating Mode 


6 
Turning now to the expressions for on these are seen to be of a rather com- 


plicated nature. For some of the lower order modes, their values are 
plotted in Figs. 2, 3 and 4. Examination of these leads to the question of 
which mode has the highest Q for a given volume. It is desirable to keep 
the volume a minimum, since, as shown by (1), the total number of reso- 
nances is a function of the volume. Analysis of the problem is somewhat 
involved, but leads to the conclusion that operation in the TE 01n mode* 
gives the smallest volume for an assigned Q, and also leads to specific values 
of n and D/L which give this result. In fact, for maximum Q/V in the 
TE 01n mode, 


(jD)" (?) = 3.11 x 10° (3) 


which permits easy plotting on a mode chart of the locus of the operating 
points for best Q/V ratio. 


Fxtraneous or Unwanted Modes 


In echo boxes for radar testing, where high Q is of the utmost importance, 
the TE 01n mode has been used. The values of » vary from 1 at frequencies 
around 1 kme to 50 at about 25 kmc. 

All other modes are then regarded as unwanted or extraneous. The great 
utility of the mode chart lies in that it permits a quick determination of the 
most favorable operating area. We consider this now in detail. 

Figure 5 shows a portion of a mode chart. It is clear that the sensible 
way to construct a tunable cylinder is to keep the diameter fixed and vary 
the length. With fixed diameter, the coordinates of the mode chart are 


1\2 ar s 
essentially f? and (;) and it is convenient to refer to them loosely as fre- 


* Unimportant exceptions occur for values of Q & <2 
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quency and length. With this understanding, if the frequency band to be 
covered by the tunable cavity extends from /f; to fz then the length must be 
adjustable from L; to Lz. Responses to frequencies within the band, but 
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Fig. 2—Mode-shape factors (08) asa function of diameter to Jength ratio (3) for cir- 
cular cylinder resonator—TM modes. 


which demand lengths outside the range L; to L» are of little interest because 
mechanical stops prohibit other lengths. On the assumption that the ap- 
plied frequency will always lie within the operating band fi: to fo, Tesponses 
to frequencies below f; or above fz are likewise of little interest. Therefore, 
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major consideration need be given only to those modes which lie within the 
rectangle of which the desired TE 01n mode forms the diagonal. 
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Fig. 3—Mode-shape factors (02) as a function of diameter to length ratio (?) for cir- 
cular cylinder resonator — TE modes with / = 0. 


Any nondiagonal mode is an extraneous mode. Those which do not 
cross the desired mode within the frame are called interfering modes. They 
act to give responses at more than one tuning point when the applied fre- 
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quency is held fixed, or alternatively to give responses at more than one 
frequency when the tuning is held fixed. In either event they lead to 
ambiguity and confusion, and their effects must be reduced to the point 
where this cannot occur. 
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Fig. 4—Mode-shape factors (02) as a function of diameter to length ratio (2) for cir- 
cular cylinder resonator — TE modes with 1 > 0. 


A special type of interfering mode is the TE 01(m + 1) mode. In the 
nature of things, it is virtually impossible to suppress this mode without 
likewise suppressing the desired TE 01n mode. The width of the operating 
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band is thus strictly limited, if ambiguity is to be avoided. This effect, 
termed self-interference, becomes an important factor as m increases, since 





 (enaximum) = = : 


This maximum value cannot be realized because it is incompatible with other 
requirements. 
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Fig. 5—Mode chart illustrating meaning of crossing and interfering modes and of operating 
area. 


When an undesired mode crosses the main mode within the rectangle it is 
called a crossing mode. Except in a region close to the crossing point, it 
acts only to cause ambiguity as already discussed. In the immediate region 
of the crossing point, however, the cavity is simultaneously resonant in both 
modes. Violent interaction effects which may seriously degrade the cavity 
Q frequently occur at such a crossing. 


Methods of Minimizing Effects of Unwanted Modes 


A major problem in the design of a high Q cavity for radar test purposes, 
in which the Q and frequency range are set by radar system considerations, 
is to reduce the effects of all the undesired modes without seriously degrading 
the main TE 01n mode. Among those to be suppressed is the companion 
TM 11n mode which is inherently of the same frequency. 


A18 
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Taste III.—Values of the Bessel Function Zero (rim) for the First 180 Modes in a Circular 
Cylinder Resonator 














Thm Mode* Thm Mode* tlm Mode* tlm Mode* 
1 | 1.8412] E 1-1 || 46/13.0152} M 3-3 91/18.4335] M 10-2 || ,136/22.6716| E 2-' 
2 | 2.4048] M 0-1 || 47/13.1704) E 2-4 92/18.6374| E 6-4 || {137|22.7601) M 
3 | 3.0542) E 2-1 |{48|13.3237| M 1-4 93/18.7451| E 12-2 138|22.7601) E 
4 | 3.8317) M 1-1 |\49|13.3237| E 0-4 94/18.9000] M 14-1 139)22.9452| M 
5 | 3.8317] E 0-1 |} 50)13.3543) M 9-1 95/18.9801) M 5-4 |} 140/23.1158) M 
6 | 4.2012) E 3-1 | 51/13.5893) M 6-2 96|19.0046] E 9-3 141)23,2548) E 
7 | 5.1356] M 2-1 |} 52/13.8788) E 12-1 97|19.1045] E 17-1 142]23.2568| M 
8 | 5.3176] E 4-1 |) 53/13.9872| E 5-3 98/19.1960] E 4-5 143|23 2643] E 
9 | 5.3314] E 1-2 || 54/14.1155) E 8-2 99/19.4094) M 3-5 144|23.2681| E 
10 | 5.5201] M 0-2 || 55)14.3725] M 43 100|19.5129] E 2-6 |] 145/23.2759| M 
11 | 6.3802] M 3-1 || 56)14.4755} M 10-1 101/19.5545] M 8-3 146|23.5861] M 
12 | 6.4156] E 5-1 || 57/14.5858) E 3-4 se 19.6159] M 1-6 |} 147/23.7607| E 
13 | 6.7061] E 2-2 || 58/14.7960] M 2-4 || \103/19.6159] E 0-6 | 148/23.8036| E 
14 | 7.0156] M 1-2 || 59/14.8213) M 7-2 104/19.6160) M 11-2 149/23.8194) E 
15 | 7.0156] E 0-2 | 60/14.8636] E 1-5 105]19.8832| E 13-2 150]24.0190) M 
16 | 7.5013} E 6-1 |} 61/14.9284) E 13-1 106]19.9419] E 7-4 || 151/24,1449) E 
17 | 7.5883) M 4-1 || 62/14.9309) M 0-5 || 107|19.9944) M 15-1 152|24,2339| M 
18 | 8.0152} E 3-2 || 63/15.2682) E 6-3 108/20.1441) E 18-1 153|24.2692| M 
19 | 8.4172| M 2-2 || 64/15.2867| E 9-2 109]20.2230| E 10-3 154|24,2701] M 
20 | 8.5363} E 1-3 |] 65]15.5898) M 11-1 110/20.3208] M 6-4 || 155)24.2894) E 
21 | 8.5778] E 7-1 | 66/15.7002) M 5-3 111]20.5755} E 5-5 156|24.3113] E 
22 | 8.6537} M 0-3 || 67|15.9641| E 4-4 | 112/20.7899) M 12-2 157/24.3382} M 
23 | 8.7715] M_ 5-1 | 68)15.9754| E 14-1 113|/20.8070| M 9-3 158]24.3525| M 
24 | 9.2824) E 4-2 | 69/16.0378] M 8-2 114/20.8269) M 4-5 159|24,3819] E 
25 | 9.6474] E 8-1 || 70|16.2235] M 3-4 || 115/20.9725| E 3-6 || 160/24.4949) M 
26 | 9.7610] M 3-2 || 71/16.3475] E 2-5 || 116/21.0154) E 14-2 161|24.5872) E 
27 | 9.9361) M_ 6-1 || 72|16.4479| E 10-2 117/21.0851} M 16-1 162|24.9349| M 
28 | 9.9695) E 2-3 73 16.4706] M 1-5 || 118/21.1170) M 2-6 163]25.0020| E 
29 |10.1735] M_ 1-3. }}\74|16.4706| E 0-5 119/21,1644) E 1-7 164)25.0085| E 
30 |10.1735] E 0-3 || 75/16.5294] E. 7-3 || 120)21.1823) E 19-1 165|25. 1839] E 
31 |10.5199| E 5-2 || 76|16.6982) M 12-1 121|21.2116] M 0-7 166]25.3229| E 
32 |10.7114| E 9-1 || 77/17.0038] M 6-3 122/21.2291) E 8-4 167|25.4170] M 
33 11.0647] M 4-2 || 78/17.0203| E 15-1 123|21.4309| E 11-3 168/25.4171] M 
34 |11.0864| M 7-1 || 79/17.2412) M 9-2 124|21.6415] M 7-4 || 169/25.4303| M 
35 11.3459] E 3-3 || 80/17.3128| E 5-4] 125/21.9317) E 6-5 170|25.4956| E 
36 |11.6198) M 2-3 | 81/17.6003} E 11-2 126|21.9562| M 13-2 171/25.5094| M 
37 |11.7060| E 1-4 || 82|17.6160] M- 4-4 || 127|22.0470) M 10-3 172/25 .5898| E 
38 11.7349] E 6-2 || 83|17.7740| E 8-3 || 128)22.1422) E 15-2 173]25.7051) M 
39 |11.7709| E 10-1 || 84/17.7887| E 3-5 || 129/22.1725) M 17-1 174|25.7482| M 
40 |11.7915] M 0-4 |) 85/17.8014) M 13-1 130|22.2178] M_5-5 175|25.8260| E 
41 [12.2251] M 8-1 | 86/17.9598) M 2-5 131]22.2191) E 20-1 176|25.8912| E 
42 |12.3386] M 5-2 || 87/18.0155| E 1-6 |} 132|22.4010} E 4-6 {i 25.9037) M 
43 |12.6819| E 4-3 |} 88/18.0633) E 16-1 133|22.5014| E 9-4 178|25.9037| E  0-! 
44 |12.8265, E 11-1 || 89|/18.0711] M 0-6 || 134/22.5827) M 3-6 | 179/26.1778| E 15- 
45 |12.9324| E 7-2 || 90|18.2876] M 7-3 135|22.6293| E 12-3 180|26.2460| E 12- 
























































* Nomenclature after Barrow & Mieher, “Natural Oscillations of Electrical Cavity Resonator 
IRE Proceedings, April 1940, p. 184. M modes take zeros of Ji(x); E modes take zeros of J;( 
Number directly following E or M is /; number after hyphen is number of root. 

Values less than 16.0 are abridged from six-place values and are believed to be correct; val 
more than 16.0 are abridged from five-place values and may be in error by one unit in fourth decin 
place. 6 in fourth place indicates that higher value is to be used in rounding off to fewer decima 


One solution, of limited application, is to choose an operating rectangle 


free from extraneous responses. 


An alternative solution is to design the 


cavity in a manner such that the undesired responses are reduced or sup- 
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pressed to a point where their presence does not interfere with the normal 
operation of the cavity. In this latter case, the amount of suppression is 
naturally dependent upon the use to which the cavity is to be put, and is 
conceivably different for a high Q cavity used as a frequency meter, for 
example, and one used as a selective filter. 

Experience has shown that certain families of modes are much more diffi- 
cult to suppress than others, and are to be avoided, if at all possible. The 
feasibility of doing this can be determined by sliding the operating area 
(a suitable opening in a sheet of paper) around on a large mode chart until 
the most favorable operating region, consistent with other requirements, 
has been found. 

Once a suitable operating area has been chosen, the cavity diameter is 
fixed and length and frequency scales added to the mode chart make it read 
directly in quantities readily measured. 


Cavity Couplings 


To be useful the cavity must be coupled to external circuits. The prob- 
lem here is to get the correct coupling to the main mode and as little coupling 
as possible to all others. Since the electric field is zero everywhere at the 
boundary surface of the cavity for the TE 01n mode, coupling to it must 
be magnetic. This may be obtained either by a loop at the end of a coaxial 
line or by an orifice connecting the cavity with a wave guide. 

The location for maximum coupling to the main mode is on thé side of 
the cavity, an odd number of quarter-guide wavelengths from the end, or 
on the end about halfway (48%) out from the center to the edge. Correct 
orientation of loop or wave guide is achieved when the magnetic fields are 
parallel. This requires the axis of the loop to be parallel to the axis of the 
cylinder for side wall feed and to be perpendicular to the cylinder axis for 
end feed. Wave guide orientation is shown in Table IV. 

The theory of coupling loops and orifices is not at present precise enough 
to yield more than approximate dimensions. Exact sizes of loops and holes 
have therefore been obtained experimentally for all designs. 

On the basis of rather severely limiting assumptions," coupling formulas 
for a round hole connecting a rectangular wave guide and a TE 01n cavity 
are given in Table IV. The assumptions are that the orifice is in a wall of 
negligible thickness, its diameter is small compared to the wavelength, it is 
not near any surface discontinuity, and that the wave guide propagates 
only its principal (gravest) mode and is perfectly terminated. In echo: box 
applications, this theory Jeads to a computed diameter that is somewhat 
smaller than experiment shows to be correct. 

The coupling to other modes can be analyzed, at least qualitatively, from 
the field expressions of Table I. This has been of value in making final 
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small relocations of the coupling points to discriminate against a residual 
undesired mode. 


Principle of Similitude 


One other theorem generally applicable to all cavities has been useful 
in design. It is the principle of similitude, which may be stated as follows": 


A reduction in all the linear dimensions of a cavity resonator by a 
factor 1/m (if accompanied by an increase in the conductivity of the 
walls by a factor m) will reduce the wavelengths of the modes by a 
factor 1/m. 


The condition given in parentheses is necessary for strict validity; for 
high Q cavities, it need not be considered. 


APPLICATION OF THEORY 


An illustration of an engineering application of the basic information 
just presented, is the design of an echo box test set for use in radar main- 
tenance. 

The test set has a number of components, but only the cavity proper and 
its couplings will be considered at this time. 


Design Requirements 


The basic design requirements of the cavity set by the radar are: (1) the 
working decrement, and (2) the tunable frequency limits (f; and fo). Service 
use of these test sets in the 3 kmc and 9 kmc bands has shown that a working 
decrement of about 3 db per microsecond gives satisfactory results. 

As seen in the discussion above, Q is a more useful design parameter for 
the resonant cavity than decrement, d. Hence the conversion 


27.3f 


Cs 





(4) 


where d is expressed in db per microsecond, and f is in megacycles, gives the 
loaded or working Q to be realized. 


Determining the Theoretical Q Required 


For design purposes, however, there are several factors which dictate the 
use of a value for theoretical Q which is somewhat higher than the loaded Q 
just computed. The input and output couplings reduce the theoretical Q 
of the cavity due to their loadings. The coupling factor, s, expressed as the 
ratio of loaded to unloaded Q, has values for echo boxes of about 0.90 for 
the input coupling and frem 0.90 to 0.99 for the output coupling. In addi- 
tion, other factors such as the means used for mode suppression may degrade 
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the Q. But, in simple designs, these may be negligible. Therefore, it is 
expedient to design for a theoretical Q of about 15 to 25 per cent in excess of 
the working Q to be'realized. 

The working (Qs of a number of echo box designs are cited here to indicate 
the order of magnitude required at several frequencies: 


1 kme 70,000* 

3 

9 100,000 
25 200,000 


Finding the Cavity Dimensions 


With the frequency and theoretical Q known, the dimensions of the cavity 
can be evaluated but the formulas of Table I require some simplification for 
engineering use. 


6 
The mode-shape (MS) factor, Qx may also be termed its selectivity which 
for the TE 01n modes may be expressed as follows: 


[: + 0.168 (ey a . 


= 0.610 DE 
1 + 0.168 (?) n 


Q 


mio 


where: 


ite 


: ; SSH 
6 = the skin depth in cm. = na 7 


p = the resistivity in ohm-cm. 

The skin depth is a factor which recognizes the dissipation of energy in 
the walls and ends of the cylinder. With increase of resistivity of these 
surfaces the currents penetrate deeper and the resulting Q is lower. 

A comparison of the relative Q’s computed from the resistivity of several 
metals will show the importance of this factor: 


Silver a8 
Copper 

Gold 0.84 
Aluminum 0.78 
Brass 0.48 


Therefore, a brass cavity will have about one-half of the Q that a similar 
cavity would have if made of copper. Similarly, the silverplating of a copper 
cavity will gain about 3 per cent in Q. 

Equation 5 may be made more convenient for calculations by combining 


* This value reflects the higher Q required on ground radars. 
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terms which are a function of frequency and by assuming the conductivity 
of copper* for the cylinder walls. It then becomes 


ove. gyi tous (z)*]" 


3 (6) 
y 1 + 0.168 (?) n 
L 
for TE 01n modes; f is in megacycles. 
Thus, it is seen that for the design parameters Q and f, selected values of 
now define tentative useful points on the mode chart in terms of D/L and n. 


Selection of Operating Area on Mode Chart 


This will be more evident upon examination of Fig. 6, which is a basic 
design chart for cylindrical cavity resonators using TE 01n modes. The 
coordinates of (fD)? and (D/L)? will be recognized from the previous dis- 
cussion of the mode chart (Fig. 1) although in this case the range has been 
expanded by the use of logarithmic coordinates. Mode identification is 
obtained from equation 2; which, for TE 01n modes becomes 


({D)? X 10-8 = 2.0707 + 0.3480 n? (D/L)? (7) 


with D and L in inches and f in megacycles. 
A family of TE 01n modes has been drawn on the chart for selected values 


of n. To aid in designing for minimum volume a line labelled Max. ¢ has 


been added (Equation 3). Lines of constant Ovi are also shown as a 
series of dashed lines. 

A tentative operating area on this chart may be selected on the basis of 
the required Q+/f. Using mid-frequency for f, the intersection of the ovis 
line and the minimum volume line will define the operating mode, 7, and 
also locate the center of the operating rectangle. 

An enlarged plot of this area as in Fig. 7 will show all modes possible in 
the cavity. Some adjustment of the precise location of this area may then 
be desirable to eliminate certain types or numbers of unwanted modes. For 
example, it is extremely difficult to suppress TE 02 modes without affecting 
the TE 01 mode, because of the very close resemblance of the field configura- 
tions. On the other hand, most 7M modes are easy to handle. 

It may be possible to select an operating areasuch as the rectangle blocked 
out in Fig. 1 in which all extraneous responses (with the exception of the 
companion TM 111) are avoided. The largest rectangle which can be 
inscribed here is limited by the TE 311 and TE 112 modes. This will 


* p = 1.7241 X 10°* ohm-cm—the International Standard value for copper. 
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permit a +3.6 per cent frequency range. Several designs of 3 kmc echo 
boxes have been based on this area. 
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Fig. 6—Design chart for cylindrical cavity resonators operating in the TE 01n modes. 
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Fig. 7—Expanded mode chart covering the operating area of a 9 kme echo box. 
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This type of solution is quite adequate for many of the simpler designs; 
but as the required Q becomes larger or the frequency coverage becomes 
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greater it is generally not possible to locate such areas. An operating area 
for 9 kmc is shown on Fig. 7. Nine crossing modes and twelve interfering 
modes exist. For 25 kmc the crossing modes run into the forties with 
hundreds of interfering modes. 

Suppression of the undesired modes requires a thorough knowledge of 
their field configurations and a number of effective techniques which may be 
applied on a practical engineering basis. Several examples are cited in later 
sections. 

Since decrement is an important characteristic of these cavities, espe- 
cially when applied to radar test sets, the uniformity of the decrement over 
the frequency range or “flatness of response” may be a significant design 
requirement. It will be seen from Fig. 3, that the MS factor of the wanted 
mode is not constant with varying D/L. In fact, if it were, the decrement 
would increase as the 3/2 power of frequency. 

There are at least three attacks on this “flatness” problem: (1) to operate 
on the sloped portion of the MS curve in such a manner that its characteristic 
will tend to be complementary to the change with frequency; (2) to obtain 
compensation by varying the coupling with frequency—generally accom- 
plished by selecting an appropriate coupling point along the side wall of 
the cavity; and (3) to overplate a portion of the cylinder’s interior surface 
with a material of higher resistivity such as cadmium. For this third 


6 
method, the formulas for Ox of Table I are no longer applicable since they 


assume a uniform resistivity of the cavity walls. 

Thus, it will be seen that the final design of a cavity resonator is a com> 
promise between a number of desired characteristics: 

a) A cavity of minimum volume for a given Q. 

b) A cavity having a minimum of extraneous responses of types difficult 

to suppress. 

c) A cavity with compensation for flatness of decrement. 
Engineering judgment is required to weigh the emphasis on each of these 
requirements which at times may be mutually exclusive. 


SomE PRacTicaL CONSIDERATIONS 


Physically realizing the theoretical characteristics just described to obtain 
a satisfactory cavity brings forth a host of practical design problems. A 
number of these will be discussed in this section. 


Description of Echo Box Test Sets 


The schematics (Figs. 8 and 9) and photographs (Figs. 12 to 14) show the 
components and various construction methods of echo boxes in the 3 and 
9 kmc bands. The cavity itself may be spun, drawn or turned of material 
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such as brass or aluminum which will give mechanical stability without 
excessive weight. 
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Fig. 9—Schematic of a 9 kme echo box. 


The movable plate is driven by the piston which operates in a close-fitting 
bearing. The drive mechanism translates the rotary motion of the tuning 
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knob into linear motion of the piston through a crank and connecting rod 
assembly. Coupled to the drive shaft is an indicating dial to register 
frequency. 

Silverplating is indicated on all interior surfaces of the cavity for minimum 
resistance to currents in the walls and ends of the cylinder. 

For the 3 kmc bands, the input coupling is in the form of a loop protruding 
into the cavity and connected by coaxia] microwave cable to the radar under 


TRANSMITTER 


T-R 
Box 





DIRECTIONAL 
COUPLER 






ANTENNA 





















ECHO 

RECEIVER BOX 
PEAK POWER 
IN ECHO. BOX 





POWER LEVEL 


RECEIVER NOISE LEVEL 


| le oFF } TRANSMITTER 
| __________RINGING TIME = | 


Fig. 10—Radar test with echo box. 


test. For the 9 kmc bands, the input coupling is an orifice with which is 
associated a wave guide to coaxial cable transducer. 

The output couplings for the two frequency bands also differ in construc- 
tion. For the 3 kmc bands, the variable coupling is achieved by rotating 
the output loop before an aperture in the cavity. In this rotary mount is 
housed the rectifying crystal and by-pass condenser. An orifice is used for 
the 9 kmc band output coupling which feeds a crystal mounted in a wave 
guide. Amplitude control is by a vane attenuator in the wave guide. In 
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. 
all cases an integrating condenser is required to smooth out the d-c pulses 
delivered by the crystal to give output indication on the d-c microammeter, 
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Fig. 11.—Typical ringtime patterns on radar indicators. 

The cylinder in the 9 kmc band is an assembly of a tube and two end 
plates. One of these is driven by the piston as described and the other is 
adjustable for “levelling” i.e., parallelism of the two plates. 

End Plate Gaps 


The wanted TE mode is paired with a companion unwanted TM as de- 
scribed above. The fact that the TM mode has a Q substantially less than 
that of the TE makes the realization of the higher Q difficult. A method is 
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needed of suppressing the 7M in the presence of the TE. Since the resonant 
cavity is a cylinder, of variable length, the movable end plate (or reflector) 
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Fig. 12—Type of construction in a 3 kme echo box. 
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Fig. 13—Type of construction in a 9 kme echo box. 


can be modified to include a gap at its periphery. The gap perturbs the 
resonant frequencies of the two modes by different amounts so that they 
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become sepatated. Secondly, the peripheral gap cuts through the surface 
currents at points of high density for 7M modes and minimum density of 
TE Omn modes and hence is a form of mode suppression. Thirdly, the gap 
greatly simplifies the mechanical design of a movable end plate by elimi- 
nating the need of physical contact with the side wall of the cylinder. 

A similar gap may be used at the other end. This facilitates “levelling” 
of a false bottom in the cavity. 





Fig. 14—Panel view of a 9 kmc echo box. 


Back Cavity Effects 


The cavity with a peripheral gap may give rise to further spurious reso- 
nances in the region behind the reflecting surface (known as the back cavity) 
if these responses are not damped. The addition of a lossy material such 
as bakelite or carbon loaded neoprene in the back cavity is a successful sup- 
pression method. 


Cylinder Tolerances 


The geometry of the structure is very important in realizing the poten- 
tial Q of the cavity. The theoretical computations are based on a perfect 
right circular cylinder which in practice is seldom achieved. Distortions 
occur in various forms: e.g., the cylinder instead of being round may be 
elliptical; the ends may not be perpendicular to the axis of the cylinder or 
not parallel to each other; surface irregularities may be present causing field 
distortions within the cavity. Many of these effects have been minimized 
by requiring adherence to close dimensional tolerances. 

For some designs, the requirement on the parallelism of the end plates is 
greater than can be commercially produced. An adjustable mechanism for 
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levelling is a practical solution. Tilt adjustments in the order of 0.001 inch 
at the edge of the plate (about 3-inh diameter)’ are required in the 9 kmc 
band. Experience in the 25 kmc band shows evidence of the need for even 
finer control. 


Plating 


In addition, adequate control of the conductivity of the interior surfaces 
of the cavity is necessary to achieve a uniform manufactured product. This 
requires attention not only to the thickness and uniformity of the plating 
but also to the purity of the plating baths and the avoidance of introduc- 
tion of foreign matter during buffing processes. 


Couplings 


The type and location of the coupling means can be used to discriminate 
between wanted and unwanted modes. Hence, this is a fertile field for mode 
suppression techniques. For example, since TM modes have H, = 0, 
orifice coupling to the main mode at the side wall of the types shown in 
Table IV, cases 1A and 2A, will not couple to any TM modes. Again, if end 
coupling is used in a cavity which will support-both the TE 01 and TE 02 
modes, by locating this coupling at the point where H, = 0 for the TE 02 
mode (about 54% of the way out from the center), it will not be excited and 
coupling to the TE 01 will be only slightly below maximum. 

For echo box test sets the magnitude of the input coupling to the wanted 
mode is a compromise between the incomplete buildup of the fields within 
the cavity during the charging interval and the loading of the cavity Q on 
discharge. This is carried on by varying the coupling and observing the 
“ringtime” (the echo box indication on the radar scope). Optimum coupling 
is achieved when ringtime is made a maximum. 

Output couplings for echo boxes are made so that just enough energy is: 
withdrawn from the cavity to give an adequate meter reading. 


Drive Mechanism 


The objective of the design of the tuning mechanism is to provide a 
smooth, fine control with a minimum of backlash. An illustration of the 
mechanical perfection required can be cited in a 9 kmc band design where 
4 inch of travel covered 200 megacycles in frequency. Hence, for frequency 
settings to be reproducible to within } mc the mechanical backlash of the 
moving parts had to be held to about 0.0003 inches or 0.3 mil. To realize 
this in commercial manufacture and to maintain it after-adverse operating 
conditions such as vibration and shock was a major mechanical design 
problem. 

In the design of this drive mechanism it should be recognized that equal 
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increments of cavity length will not produce uniform increments in fre- 
quency. The mode chart indicates graphically that a straight-line relation- 


ship exists between (f)? and Gy. Uniformly spaced markings on a dial 


reading directly in frequency can be realized by the use of such mechanisms 
as an'‘eccentric operating on a limited arc. Adjustments are customarily 
provided to bring the cavity resonance and dial indication into agreement at 
some frequency of test. Frequency departures of the drive mechanism 
referred to this point are held commercially to about one part in 5000. 


Application of Similitude 


Echo box developments have often been undertaken at frequencies where 
adequate test equipment was not available. This has been especially true 
as the radar art progressed to higher and higher frequencies. 

The principle of similitude has been utilized in the construction and test 
of models at the frequency of existing test facilities. ‘The models have then 
been scaled to the assigned frequency band. This has been found to be a 
very practical expedient. 


Use or Cavitres For RADAR TESTING 


The high Q resonant cavity when appropriately connected to a radar sys- 
tem returns to it a signal which may be used to judge the over-all perform- 
ance of the radar. Its operation is as follows: During the transmitted pulse, 
microwave energy from the radar is stored in the cavity in the electromag- 
netic field. The charge of the cavity increases exponentially during this 
interval but fails to reach saturation for the cavity by a substantial margin 
because the pulse is too short. At the end of the pulse, the decay of this 
field supplies a signal of the same frequency as that of the radar transmitter 
(when the echo box is in tune) which is returned to the radar receiver as a 
continuous signal diminishing exponentially in amplitude. 

The time interval between the end of the transmitted pulse and the point 
where the signal on the radar disappears into the background noise is the 
“ringtime.” The term is used somewhat loosely since, in actual practice, 
the ringtime is measured on indicators whose range markings are generally 
in miles or yards referred to the beginning rather than the end of the pulse. 
The difference, of course, is small. It is customary to include the pulse 
length in all ringtime figures on operating radar systems. Typical ringtime 
patterns on radar indicators and a schematic of a radar test with an echo 
box are shown in Figs. 10 and 11. 

As the output power of the radar either increases or decreases correspond- 
ing changes in the “charge” of the cavity will be reflected directly in ring- 
time changes. Similarly as the noise level of the radar receiver varies the 
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merging point of the cavity signal and the noise will show proportional 
changes in ringtime. Hence, the ringtime indication measures these two 
factors on which the radar’s ability to discern real targets so largely depends. 

The exponential buildup and decay of the charge in the cavity occur at a 
rate determined by the working decrement of the cavity. As mentioned 
previously, a decrement of about 3 db per microsecond is a satisfactory value 
for the 3 kmc and 9 kmc bands. A one microsecond change in ringtime 
(roughly one-tenth mile) would, therefore, represent a change in system 
performance of 3 db. 


Uniformity Control and Expected Ringtime 


By introducing an adjustment for the working Q of the cavities it is now 
possible to control the uniformity of the manufactured product to very 
close limits. Other improvements have also been incorporated which insure 
that boxes which have been made alike as to Q will similarly give uniform 
ringtime indications on a test radar. If the test sets are all alike as to ring- 
time, it is then possible to quote an “expected ringtime” for each of the 
various radars to be serviced by the echo box. Initially a measuring tool 
indicating relative changes in day to day operation of the radars, the uni- 
formity provision with its “expected ringtime” has made the echo box test 
set an absolute measuring instrument of moderate precision. 


Other Uses 


In addition to its use as a measure of over-all performance of a radar, a 
significant number of diagnostic tests may be performed when trouble de- 
velops, which aid in rapidly locating the source. One such test is spectrum 
analysis. The extreme selectivity of the high Q cavity permits examination 
of the spectrum of the pulsed wave and from this may be deduced charac- 
teristics of the pulse, including pulse length. Multiple-moding of the 
magnetron circuit is easily shown by this analysis. 

The meter of the test set gives a relative indication of the output power of 
the radar and this in itself assists greatly in segregating transmitter troubles 
from receiver troubles. 

Also of importance is the use of the echo box as a frequency meter. The 
high Q of the cavity plus the fine control of the drive mechanism and the 
direct reading dial give excellent results (comparable to that of a wave- 
meter). 
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End Plate and Side Wall Currents in Circular Cylinder 
Cavity Resonator 


By J. P. KINZER and I. G. WILSON 


Formulas are given for the calculation of the current streamlines and in- 
tensity in the walls of a circular cylindrical cavity resonator. Tables are 
given which permit the calculation to be carried out for many of the lower 
order modes. 


= Jel 
The integration ot [ ae) 
‘0 


STt(x) 
¢ = 1, 2 and 3 and tables of the function are given. 
The current distribution for a number of modes is shown by plates and figures. 


dx is discussed; the integration is carried out for 


INTRODUCTION 


In waveguides or in cavity resonators, a knowledge of the electromagnetic 
field distribution is of prime importance to the designer. Representations 
of these fields for the lower modes in rectangular, circular and elliptical 
waveguide, as well as coaxial transmission line, have frequently been de- 
scribed. 

For the most part, however, these representations have been diagram- 
matic or schematic, intended only to give a general physical picture of the 
fields. In actual designs, such as high Q cavities for use as echo boxes,! 
accurately made plates of the distributions were found necessary to handle 
adequately problems of excitation of the various modes and of mode sup- 
pression. 

One use of the charts is to determine where an exciting loop or orifice 
should be located and how the field should be oriented for maximum coup- 
ling to a particular mode. Optimum locations for both launchers and ab- 
sorbers can be found. Naturally, when attention is concentrated on a 
single mode these will be located at the maximum current density points. 
If, however, two or more modes can coexist, and only one is desired, com- 
promise locations can sometimes be found which minimize the unwanted 
phenomena. 

Also, in a cylindrical cavity resonator of high Q with diameter large com- 
pared with the operating wavelength, there are many high order modes of 
oscillation whose resonances fall within the design frequency band. Some 
of these are undesired and one of the objectives of a practical design is to 
reduce their responses to a tolerable amount. This process is termed 

1“High Q Resonant Cavities for Microwave Testing,” Wilson, Schramm, Kinzer, 
BSS, July 1946. 
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“suppression of the extraneous modes’. In this process, an exact knowledge 
of the distribution of the currents in the cavity walls has been found highly 
useful. E 

For example, it has been found experimentally that annular cuts in the 
end plates of the cylinder give a considerable amount of suppression to many 
types of extraneous modes with very little effect on the performance of the 
desired TE 01n mode. These cuts are narrow slits concentric with the axis 
of the cylinder and going all the way through the metallic end plates into a 
dielectric beyond.2 The physical explanation is that an annular slit cuts 
through the lines of current flow of the extraneous modes, and thereby 
interrupts the radial component of current and introduces an impedance 
which damps, or suppresses, the mode. For the TE O1n mode, the slits 
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m' root of T(x) 
D = cavity diameter 
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Fig. 1—Components of H vector at walls of circular cylinder cavity resonator. 
are parallel to the current streamlines and there is no such interruption; 
presumably there is a slight increase in current density alongside the slit, 


2Similar cuts through the side wall of the cylinder in planes perpendicular to the 
cylinder axis are also beneficial, but are more troublesome mechanically. 
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as the current formerly on the surface of the removed metal crowds over 
onto the adjacent metal, but this is a second-order effect. 

To determine the best location of such cuts, therefore, it is necessary to 
know the vector distributions of the wall currents for the various modes. 
This current vector, J, is proportional to and perpendicular to the mag- 
netic vector, H, of the field at the surface. Expressions for the components 
of the H-vector at the surfaces of the end plates and side walls are given in 
Fig. 1. 

END PLATE: Contour Lines 
At the end plates, the magnitude of the H-vector at any point is given by: 


H? = H,?+ He. (1) 


Now substitute values of H, and Hy from Fig. 1 into (1); drop any constant 
factors common to H, and Hg as these can be swallowed in a final propor- 
tionality constant; introduce the new variable x: 


x=hp=r = (2) 
where R = D/2 = cavity radius. Thus is obtained: 
2 
H? = [74(x) cos CF + E Tex) sin | ; (3) 


Now J¢ and J¢, are expressed in terms of J¢_1 and J¢,; and a further re- 
duction leads to: 


IP? = (Jt_ cos (6)? + (Jt, sin (6)? (4) 
where 
Jt- = Fta(x) — Jty1(x) (5) 
and 
It = Jta(x) + Jt.s(x) (6) 


The formulas (4) to (6) apply to both TE and TM modes. The values 
obtained depend on r, which is different for each mode. 

When 6 = 0, / is proportional to J¢_ and when @ = 1/26, J is proportional 
to J¢,. Relative values of J are thus easily calculated for these cases, 
once tables of J¢ are available. Such tables have been prepared and are 
attached. For TE modes, when @ = 0, Hs = 0, and the currents are all 
in the @ direction. For TM modes, when @ = 0, H, = 0, and the currents 
are all in the p-direction. When @ = 7/26, the converse holds. 

Figures 3 to 18 are a set of curves showing the relative magnitude of H 
(or Z) for several of the lower order TE and TM modes. The abscissae 
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are relative radius, i.e., p/R; the ordinates are relative magnitude referred 
to the maximum value. The drawings also give r = +D/), for each mode, 
where \, is the cutoff wavelength in a circular guide of diameter D. Values 
for any point of the surface of the end plate can be calculated by using these 
curves in conjunction with equation (4). 

In general, for each mode there are certain radii at which the current 
flow is entirely radial, (Js = 0). At these radii, which correspond to zeros 
of Je(x) or Jt(x), the annular cuts mentioned in the introduction are quite 
effective. However, the maxima of J, do not coincide with the zeros of 
I; and a more sophisticated treatment gives the best radius as that which 
maximizes pJ,?. Values of the relative radius for this last condition are 
given in Table IV. 

Contour lines of equal relative current intensity are obtained by setting 
H? constant in (4), which then expresses a relation between x and 6. The 
easiest and quickest way to solve (4) is graphically, by plotting H vs. « for 
different values of 0. 


Enp PLATE: Current Streamlines 


It is easy to show that the equations of the current streamlines are given 
by the solutions of the differential equation 


d, A 
7 7 (1) 
In the case of the TE modes, (7) is easily solved by separation of the vari- 
ables, leading to the final result: 


Jt(x) cos £6 = C (8) 


in which C is a parameter whose value depends on the streamline under 
consideration. ° In the TE modes, the E-lines in the interior of the cavity 
also satisfy (8), hence a plot of the current streamlines in the end plate 
serves also as a plot of the E lines. 

In the case of the 7M modes, (7) is not so easily solved. Separation of 
the variables leads to: 


sor tpi ws, ff te) 
—log sin (8 = 2 I4(2) dx. (9) 
The right-hand side of (9) can be reduced somewhat, yielding 
Wf 
—log sin £8 = log [aJé(x)] + | Ho (10) 


but no further reduction is possible. The remaining integral represents a 
new function which must be tabulated. Its evaluation is discussed at 
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length in the Appendix, where it is denoted by F¢(x). Table II of the Ap- 
pendix gives its values (for ¢ = 1, 2 and 3) and also those of G¢(x) where 


Fux) = —log Ge(x) (11) 
Thus (10) becomes 
—log sin £0 = log [x Jt(x)/Ge(x)] + C’ (12) 
and the final equation for the current streamlines is 
[xJt(x)/Ge(x)] sin £0 = C : (13) 


where C is a parameter as before. 

It is not difficult to show that Ge(x)/J¢(x) has zeros at the zeros of J¢(x). 
For these values of x, sin £8 = 0 whatever the value of C, and all stream- 
lines converge on (or diverge from) 2m points on the end plate. 

The flow lines of (13) are orthogonal to the family (8) and could readily 
be drawn in this manner. However, better accuracy is obtained by plotting 
(13). 


END PLate: Distributions 


The 32 attached plates show the distribution of current in the end plates 
of a circular cylinder cavity resonator for a number of modes. 

In the first set of 21, the scaling is such that the diameters of the figures 
are proportional to those of circular waveguides which would have the 
same cutoff frequency. This group is of particular interest to the wave- 
guide engineer. 

In a second group of 11, the scaling is such as to make the outside diam- 
eters of the cylinders uniform. This group is of particular interest toa 
cavity designer. 

This distribution is a vector function of position; that is, at each point in 
the end plate the surface current has a different direction of flow and a dif- 
ferent magnitude or intensity. The variation in current intensity is repre- 
sented by ten degrees of background shading. The lightest indicates re- 
gions of least current intensity and the darkest greatestintensity. The 
direction of current flow is shown by streamlines. Streamlines are lines 
such that a tangent at any point indicates the direction of current flow at 
that point. 

The modes represented are the 


TE 01, 02, 03 TM 01, 02, 03 
TE 11, 12, 13 TM 11, 12, 13 
TE 21, 22, 23 TM 21, 22 


TE 31, 32 TM 31, 32 
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in the nomenclature which has become virtually standard. In this system, 
TE denotes transverse electric modes, or modes whose electric lines lie 
in planes perpendicular to the cylinder axis; 7M denotes transverse mag- 
netic modes, or modes whose magnetic lines lie in transverse planes. The 
first numerical index refers to the number of nodal diameters, or to the order 
of the Bessel function associated with the mode. The second numerical 
index refers to the number of nodal circles (counting the resonator boundary 
as one such) or to the ordinal number of a root of the Bessel function asso- 
ciated with the mode. On the end plates, the distribution does not depend 
upon the third index (number of half wavelengths along the axis of the cylin- 
der) used in the identification of resonant modes in a cylinder. This con- 
siderably simplifies the problem of presentation. The orientation of the 
field inside the cavity and hence the currents in the end plate depend on 
other things; thus the orientation of the figures is to be considered arbitrary. 

The plates also apply to the corresponding modes of propagation in a cir- 
cular waveguide as follows: The background shading represents the in- 
stantaneous relative distribution of energy across a cross section of guide. 
For TE modes, the current streamlines depict the £ lines; for the TM 
modes, they depict the projection of the E lines on a plane perpendicular 
to the cylinder axis. 


Swe WALL: 


The current distribution in the side walls is easily obtained from the 
field equations of Fig. 1. For TM modes, the currents are entirely longi- 
tudinal; their magnitudes vary as cos (@ cos mrz/L. This distribution is so 
simple as not to require plotting. 

For TE modes, the situation is more complicated, since both H, and Hy 
exist along the side wall. The current streamlines are given by the solu- 
tions of the differential equation 


dz_ DH 





2H” (14) 
By separation of the variables, the solution is found to be 
log (C cos (6) = [eh log cos ks. (15) 
Contour lines of constant magnitude of the current are given by 
Grp sin £6 cos iss) + (cos €@ sin k3z)” = K’. (16) 


In the above, C and K are parameters, different values of which correspond 
to different streamlines or contour lines, respectively. 
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Since both streamlines and contours are periodic in z and @, it is not 
essential to represent more than is covered in a rectangular piece of the side 
wall corresponding to quarter periods in s and @. These are covered in a 


D 
length Oh along the cavity and in a distance 2 around the cavity. If 


such a piece of the surface be rolled out onto a plane it forms a rectangle 
anD 


of proportions UL: 

The difficulty in depicting the side wall currents of TE modes, as com- 
pared with the end plate currents, is now apparent. For the end plate, the 
“proportions” are fixed as being a circle. Furthermore, for a given ¢, as 
m increases the effect is merely to add on additional rings to the previous 
streamline and contour plots. Here, however, the proportions of the rec- 
tangle are variable, in the first place. And for a given rectangle the stream- 
lines and contours both change as ¢ and m are varied. Another way of ex- 
pressing the same idea is that for end plates the current distribution does 
not depend upon the mode index x, and varies only in an additive way with 
the index m, whereas for the side walls the distribution depends in nearly 
equal strength on ¢, m and n. 

Some simplification of the situation is accomplished by introducing two 
new parameters, the ‘‘shape”’ and the “‘mode’’ parameters, defined by: 


anD £ 
or ae Oe an 
and two new variables 
Z = kes o = (6. (18) 


Substitution of the above, and also the expressions for k; and kg (see Fig. 
1) into (15) and (16) yields 


cos Z = C(cos 7 ee (streamlines) (19) 
. KR cos? ¢ ]’ 
cos Z = > (contours). (20) 


For given proportions S, one can calculate the streamlines and contours for 
various values of M. Thus a “‘square array” of side wall currents can be 
prepared, such as shown on Fig. 2. 

The mode parameter, M, in the physical case takes on discrete values 
which depend on the mode. Some of its values are given in the following 
table. They all lie between 0 and 1 and there are an infinite number of 
them. 
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VALUE OF M = ¢/r FoR TE Moves 





£ 1 z 3 4 5 6 10 15 20 





1 -5432 | .6549 | .7141 | .7522 | .7793 | .8000 | .8495 | .8813 | .9001 
2 -1875 | .2982 | .3743 | .4309 | .4753 | .5113 | .6080 | .6774 

3 -1172 | .2006 | .2644} .3154 | .3575 | .3930 | .4945 | .5730 

4 -0854 | .1519 | .2057 | .2506 | .2888 | .3219 | .4209 





For any given mode in any given cavity, the values of S and M can be 
calculated from (17). . In general, these values will not coincide with those 
which have been plotted, but by the same token, they will lie among a group 
of four combinations which have been plotted. Since the changes in dis- 
tribution are smooth, mental two-way interpolation will present no difficulty. 
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Fig. 2—Side wall currents in circular cylinder cavity resonator for TE modes (/ > 0). 


CIRCULAR CYLINDER CAVITY RESONATOR 39 





0.8 





° 
a 


2 
B 





02 





RELATIVE INTENSITY OF MAGNETIC FIELD (H) 
OR CURRENT (I) 





° O.4 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
RELATIVE RADIUS 


Fig. 3—End plate currents in TE 11 mode. 


0.8 





2 
a 








OR CURRENT (I) 
° 
B 


* 0.2 











RELATIVE INTENSITY OF MAGNETIC FIELD (H) 





° 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
RELATIVE RADIUS 


Fig. 4—End plate currents in TM 01 mode. 
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Fig. 5—End plate currents in TE 21 mode. 
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Fig. 6—End plate currents in TM 11 mode. 
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Fig. 7—End plate currents in TE 01 mode. 
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Fig. 8—End plate currents in TE 31 mode. 
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Fig. 9—End plate currents in TM 21 mode. 
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Fig. 10—End plate currents in TE 41 mode. 
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Fig. 11—End plate currents in TE 12 mode. 
































RELATIVE INTENSITY OF MAGNETIC FIELD (H) OR CURRENT (I) 


(Hp or 


@ =0) 








-0.8 





























0.2 0.3 04 «(05 0.6 07 08 0.9 1.0 
RELATIVE RADIUS 
Fig. 12—End plate currents in TM 02 mode. 
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Fig. 13—End plate currents in TM 31 mode. 
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Fig. 14—End plate currents in TE 51 mode. 
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Fig. 15—End plate currents in TE 22 mode. 
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Fig. 16—End plate currents in TM 12 mode. 
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Fig. 17—End plate currents in TE 02 mode. 
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Fig. 18—End plate currents in TE 61 mode. 
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Fig. 20—TE 02 mode. 
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Fig. 21—TE 03 mode. 





Fig. 22—TE 11 mode. 





Fig. 24—TE 13 mode. 
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Fig. 25—TE 21 mode. 





Fig. 26—TE 22 mode. 





Fig. 28—TE 31 mode. 
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Fig. 29—TE 32 mode. 





Fig. 30—TM 01 mode. 





Fig. 31—TM 02 mode. 





Fig. 32—TM 03 mode. 
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Fig. 33—TM 11 mode. 





Fig. 34—TM 12 mode. 
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Fig. 38—TM 31 mode. 
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Fig. 39—TM 32 mode. 
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Fig. 40—TE 11 mode. 
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Fig. 41—TE 12 mode. 
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Fig. 42—TE 13 mode. 
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Fig. 43—TE 21 mode. 
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Fig. 44—TE 22 mode. 
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Fig. 45—TE 31 mode. 
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Fig. 47—TM 11 mode. 
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Fig. 48—TM 12 mode. 
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Fig. 49—TM 21 mode 
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Fig. 50—TM 22 mode. 
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APPENDIX 
Tele) 5 
Tex) 


The discussion here is concerned only with integral values of f > 0. The 
integral is not simply expressible in terms of known (i.e., tabulated) func- 
tions, hence what amounts to a series expansion is used. The method 
follows Ludinegg' who gives the details for = 1. 

The value of the integrand at x = 0 is first discussed. For f = 1, J;(0) = 0 
and Ji(0) = 0.5, hence the integrand has the value zero. For ¢ > 1, 
both numerator and denominator are zero, hence the value is indeterminate. 
Evaluation by (€ — 1) differentiations of numerator and denominator 
separately leads to the result that the integrand (and the integral also) is 
zero at x = 0 for all ¢. 

We now introduce a constant p¢ and a function ¢¢(x) which are such 
that the following equation is satisfied, at least for a certain range of values 
of x: 








INTEGRATION OF [ 





, 
Jt=—pt (v - ean + geJt. (1) 
Denote the desired integral by F¢(x), i.e.: 
* J ¢(x) 
Bee) = | Hay (2) 
Then substitution of (1) into (2) yields: 
Fe= - o¢[ og a+ +[ $e de. (3) 


For « = 0, J¢/x™ is indeterminate, but evaluation by differentiating 
numerator and denominator separately (€ — 1) times gives the value 
1/2 — 1)! 

If we can now arrange matters so that ¢¢ remains finite in the range 
(0, x), its integration can be carried out, a) by expansion into a power 
series and integration term-by-term, or, b) by numerical integration. 

Solving (1) for ¢¢ one obtains 

€— 1st 
Jt+ (vé = e— Dit : 
ot = (4) 
Jt 
Equation (4) becomes indeterminate at x = 0, when > 1. Evaluation by 
differentiating numerator and denominator separately ¢ times shows ¢¢(0) =0. 


1 Hochfrequenstech. u. Elektroak., V. 62, pp. 38-44, Aug. 1943. 
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At the first zero of J¢ (the value of x at a zero of J¢ will be denoted by 7), 
¢¢ is held finite by choice of the value of ¢. It is clear that (4) becomes 
indeterminate at « = 1, if 


EL) 
t= TS. 5 
b Te) (5) 
Since J¢ satisfies the differential equation 


e+ int a-e/e)se=0 (6) 


and J¢(r) = 0, one has by substitution 


r 


=... 7 
bt = sh (7) 
Values of p for several cases are: 
t = 1 2 3 4 1 1 
nm = 1.841 3.054 4.201 5.318 re= 5.331 n= 8.536 
$o = 1.418 1.751 2.040 2.303 1.036 1.014 
gt(r) = —0.126 —0.286 —0.446 —0.604 —0.180 —0.115 


Evaluation of ¢¢(r) by the usual process? gives: 


ocr) = oe 2) (8) 


Values of ¢¢(r) are given in the preceding table. 

Since ¢¢ is finite at the origin and at the first zero of Jt, it may be ex- 
panded into a Maclaurin series whose radius of convergence does not, 
however, exceed the value of x at the second zero of Jt. Alternatively, 
by choosing p¢ to keep ¢¢ finite at the second (or &'") zero of Jt it may be 
expanded into a Taylor series about some point in the interval between 
the first (or ( — 1)) and third (or (& + 1)") zeros. Expansions about the 
origin are given in Table I. 

Unfortunately, the convergence of these power series is so slow that they 
are not very useful. Instead, equation (4) is used to calculate ¢¢ and 


J ¢¢ dx is obtained by numerical integration. 


With p¢ fixed to hold ¢¢ finite at the first root, r: , of Jt, it is soon found 
that ¢¢ becomes infinite at the higher roots. This is because different values 


* Substitute (6) into (4) to eliminate JZ; differentiate numerator and denominator 
separately; use (6) to eliminate J;; allow x— r, using J/(r) = 0 and value of p¢ from (7). 
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of p are required at the different roots, as shown for f = 1 in the table 
above. A logical extension would therefore be to make # a function of x 


such that it takes on the required values at 71, 72, 7%3,°**- When this is 
done and p¢(x) is introduced into (1) and (2), one has to integrate 
p)I"() 
ra 


and this is intractable.® 

Hence p(x) is made a discontinuous function, such that p has the value 
pi corresponding to 1; for values of « from zero to a point , between 7; and 
rz; the value pz corresponding to rz for values of « from 6, to a point b2 be- 
tween r2 and r3; and so forth. This introduces discontinuities in ¢. No 
discontinuities exist, however, in the function 


Ge=e" (9) 


which is given in Table II. The calculations were made by Miss F. C. 
Larkey; numerical integration was according to Weddle’s rule. 

Within the limits of this tabulation, then, G¢ and F¢ are now considered 
to be known functions. 


TaBLe I 


Power SERtES ExpANsIONs OF ¢¢(x) 


3p 1_ 1% 1 _ 38 
ale) = ( rt Pet G a ts 1536)” + 
‘ 
= —0.063813x —0.0011782* —0.0000358x5 — «++ 
Sh Ee Le 5, 5 108) a is 
coum G = 4 ot Gr = a Ga ml oe 


+0.154512 +0.01648x° — 0.00580x5 — -+- : 
1 5p 1 Alp 13 103p 
s)=(--— A PY 4 (Sat 
we) G Z) on fe Sal = (sass 27680) * * 


= +0.12210x +0.00667x* +0.00375x5 — ---. 





3 Unless p = 6 + cJ’ (band c constants), which is not of any use. 
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° Tasie IT 
Si (x) 
VALUES OF F(x) = I re) 5 dz; Gi(xz) = e-*; 
F,(z) 

x 0 A 2 3 4 Ss 6 a 8 9 

0} « 0} 0050) 0201) 0455) 0816) 1291 1887} 2616) 3493) 4539 
1 5782) 7261) 9036) 1.1192) 1.3874) 1.7336) 2.2103) 2.9577) 4.6961) 4.1846 
2 | 2.7727) 2.0801] 1.6199] 1.2775) 1.0073) 7864) 6018} 4454) 3117) 1970 
3 0987} 0147) —0564) —1157| —1640| —2018| —2296) —2475| —2556) —2537 
4 | —2416) —2188} —1845) —1377| —0769 0) +0960} 2153) 3646) 5549 
5 8060| 1.1595] 1.7307) 3.2014) 2.3851) 1.4478) 9635) 6373} 3939) 2024 
6 0470| —0812) —1879| —2768) —3506| —4111) —4594) —4966| —5233) —5398 
7 | —5463| —5429| —5292) —5049| —4693| —4214| —3598) —2826) — 1868} —0685 
8 | +0789) 2657| 5107) 8530) 1.3992) 2.7313) 2.1565) 1.1974) 7154; 3942 
9 1562} —0300) —1802} —3034| —4053) —4897| —5590) —6150) —6591| —6921 

Gi(z) 

x 0 A ia. 3 4 5 6 a7 8 9 

0 | 1.0000) 9950 9801} 9555) 9216} 8789) 8280) 7698) 7052) 6351 
i 5609] 4838) 4051) 3265) 2497/ 1766) 1097) 0519} 0091) 0152 
2 0625} 1249} 1979] 2787) 3652) 4555) 5478) 6406) 7322) 8212 
3 9060} 9854} 1.0580) 1.1226) 1.1781) 1.2236) 1.2581] 1.2808) 1.2912) 1.2888 
4 | 1.2733) 1.2445) 1.2026) 1.1476) 1.0799} 1.0000; 9085) 8063) 6945) 5741 
5 4467, 3136) 1772) 0407; 0921) 2351) 3816) 5287) 6744) 8168 
6 9541) 1.0846) 1.2067) 1.3190) 1.4200) 1.5084) 1.5831) 1.6432) 1.6877) 1.7157 
7 | 1.7269] 1.7209) 1.6976) 1.6568) 1.5989) 1.5241] 1.4331) 1.3265] 1.2054) 1.0709 
8 9241) 7667) GO01} 4261! 2468) 0613) 1157) 3020) 4890) 6742 
9 8554! 1.0304) 1.1974) 1.3545) 1.4998) 1.6318] 1.7489) 1.8497) 1.9330] 1.9978 
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* 
VALUES OF F,(z) = |, J: 38 dz; G:(z) = e~Fe 
e '2(z) 

x 0 A 2 3 4 5 6 a 8 9 

0 0} 0025} 0100} 0226; 0403| 0632) 0914) 1251) 1645) 2097 
1 2612) 3192) 3840} 4563) 5365) 6253) 7236) 8323] 9528) 1.0866 
2 | 1.2357] 1.4008) 1.5913] 1.8061] 2.0541! 2.3456] 2.6972) 3.1380) 3.7263) 4.6110 
3 | 6.4527] 6.7644| 4.7528] 3.8572) 3.2808] 2.8597) 2.5316) 2.2658) 2.0451) 1.8590 
4 | 1.7002] 1.5641| 1.4470] 1.3466) 1.2607) 1.1881| 1.1275) 1.0783) 1.0396) 1.0112 
5 9928] 9843} 9858) 9974] 1.0196) 1.0530) 1.0985) 1.1573) 1.2311) 1.3223 
6 | 1.4345] 1.5726] 1.7447] 1.9640) 2.2555) 2.6743| 3.3910) 6.5119) 3.5122) 2.7144 
7 | 2.2595] 1.9432) 1.7034] 1.5131] 1.3579) 1.2294| 1.1223) 1.0328) .9586) .8977 
8 | .8490/ .8115) .7846| .7679| .7612) .7645) .7779| .8020) .8372| .8845 
9 | .9452) 1.0212) 1.1149) 1.2301 1.3725) 1.5512) 1.7817| 2.0950) 2.5660) 3.4864 

G2(z) 

x 0 A a 3 A 5 6 a7 8 9 

0 | 1.0000) 9975} 9900} 9777] 9605) 9388} 9127) 8824] 8483] . 8108 
1 7701| 7267) 6811) 6336) 5848) 5351) 4850) 4850) 3856) 3373 
2 2906} 2459) 2036] 1643) 1282) 0958) 0674) 0434/ 0241) 0099 
3 0017} 0012} 0086) 0211) 0376) 0573) 0795) 1037) 1294) 1558 
4 1826] 2093) 2353} 2601! 2834) 3048) 3238) 3402) 3536) 3638 
5 3705| 3787; 3781) 3688) 3607) 3489) 3334) 3143) 2920) 2665 
6 2383; 2075] 1747| 1403/ 1048) 0690) 0337) 0015) 0298) 0662 
7 1044; 1432) 1821) 2202) 2572) 2925) 3255) 3560| 3834) 4075 
8 4278} 4442| 4563 4640) 4671) 4656) 4593) 4484| 4329/ 4129 
9 3886} 3602} 3280) 2923) 2535) 2120) 1683) 1231) 0768) 0306 
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ACD) 
- : =e-F 
Vauues or F(z) : Ti@) dz; Gs(x) = e-*s 
F(z) 

x} 0 rt 2 3 4 5 6 a 8 9 

0 0} 0017; 0067) 0152) 0268) 0420) 0604! 0826] 1081) 1373 
1 1703} 2070) 2476) 2922) ° 3410) 3942) 4518) 5141) 5814) 6539 
2 7319) 8158} 9060) 1.0028) 1.1070) 1.2192/ 1.3401) 1.4706] 1.6118] 1.7650 
3 | 1.9321] 2.1150) 2.3165] 2.5402) 2.7908] 3.0752] 3.4034] 3.7905] 4.2624] 4.8669 
4 | 5.7117) 7.1373/16.2303| 7.2383] 5.8409] 5.0409] 4.4852) 4.0643] 3.7292] 3.4543 
5 | 3.2239) 3.0282) 2.8605) 2.7160] 2.5913) 2.4838] 2.3914) 2.3128] 2.2467] 2.1922 
6 | 2.1487] 2.1156) 2.0927] 2.0798) 2.0768] 2.0838] 2.1012) 2.1293] 2.1685] 2.2208 
7 | 2.2864) 2.3674) 2.4664/ 2.5868) 2.7340] 2.9159] 3.1460) 3.4491] 3.8790] 4.5950 
8 | 6.9408) 4.9414) 4.0348) 3.5348) 3.1912) 2.9324) 2.7276) 2.5608] 2.4227| 2.3074 
9 | 2.2108) 2.1302) 2.0637| 2.0097) 1.9676] 1.9361] 1.9147] 1.9036] 1.9025] 1.9115 

G;(z) 

x] o a 2 3 4 is 6 a 8 9 

0 | 1.0000} 9983} 9933) 9849] 9734 9589) 9413) 9208] 8975) 8717 
1 8434) 8130) 7806] 7466) 7110) 6742) 6365) 5980) 5591) 5200 
2 4810} 4423) 4041) 3668) 3305) 2955) 2618] 2298) 1995) 1712 
3 1448) 1206) 0986) 0789) 0614) 0462} 0333) 0226] 0141! 0077 
4 0033; 0008} 0000} 0007} 0029} 0065) 0113 0172] 0240) 0316 
5 0398) 0484) 0572} 0661) 0749} 0834} 0915) 0990} 1057) 1117 
6 1166} 1206) = 123 1250) 1253) 1244) = 1223) 1189 1143) 1085 
7 1016} 0937; 0849} 0753) 0650) 0542) 0430) 0318} 0207) 0101 
8 0010} 0071) 0177} 0292) 0411] 0533/ 0654 0772) 0887; 0995 
9 1096} 1188) 1270) 1340) 1398) 1443) 1474! 1490] 1492) 1479 





























Tasie III 
BessEL Functions oF Tae First Kino 
































Jo(z) 
x 0 aA 2 3 A ey 6 a & 39 
0| +1.0| 9975| 9900] 9776, 9604} +9385| 9120) 8812] 8463| 8075 
1 | +7652] 7196| 6711; 6201, 5669] +5118) 4554] 3080] 3400] 2818 
2| +2239| 1666] 1104) 0555) 0025] —0484| 0968) 1424] 1850} | 2243 - 
3| 2601] 2921; 3202| 3443) 3643] —3801| 3918) 3992] 4026| 4018 
4 | —3071| 3887/3766) 3610, © 3423| —3205| 2961) 2693 2404] 2097 
5 | —1776| 1443; 1103| 0758} —0412| —0068| +0270] +-0599| +0917] +1220 
6 | 41506] 1773} 2017| 2238; 2433] +2601| 2740] 2851] 2931) +2981 
7 | +3001] 2991] 2951/2882) 2786| +2663| 2516] 2346) 2154} 1944 
| 4izi7} 1475] 1222| 0960; 0692) +0419) 0146] —0125| —0392| —0653 
9 | 0903] 1142] 1367| 1577/1768 —1939| 2090] 2218] 2323 2403 

Ji(x) 
x oO A 2 3 4 Ss 6 a 8 o 
o| +0! 0499] 0995] 1483/1960] +2423) 2867| 3200] 3688] 4059 
1 | -+4401| 4709] 4983| 5220| 5419) +5579| 5699| 5778 | 5815]. 5812 
2 | +5767} 5683; 5560| 5309] 5202| +4971| 4708; 4416] 4097/3754 
3 | +3391/ 3009} 2613) 2207| 1792| +1374| 0955] 0538] 0128] —0272 
{| ~oceo| 1033) 1386] 1719} 2028) —2311| 2566] 2791| 2085| 3147 
5 | —3e76| 3371| 3432} 3460, 3453 —3414] 3343] 3241/3110] 2951 
6 | —2767| 2559 2329 2081| 1816] —1538) 1250| 0953} 0652| 0349 
7 | —ood7] -+0252| +0543) +0826 +1096] +1352; 1592] 1813) 2014| 2192 
| +2346] | 2476| 2580] 2657| 2708} +2731] 2728] 2607| 2641] 2559 
9 | -L2453| 2924| 2174) 2004/1816] +1613; 1395] 1166] 0928] 0684 

Jo(x) 

x 0 Aa 2 & 4 Ss 6 a 8 a? 
0| -F0| 0012} 0050/0112] 0197) 0306} 0437} 0588] 0758] 0946 
1 | -+1149| 1366) 1593) 1830, 2074] 2321] 2570] 2817) 3061| +3209 
>| +3528) 3746} 3951|  4139| 4310} 4461) 4590) 4606] 4777) | 4832 
3| 14861/ 4862} 4835] 4780| 4607} 4586) 4448/4283] 4093) 3879 
+ | 43641) 3383} 3105] 2811; 2501| 2178) 1846] 1506| 1161] 0813 
5 | +0466 0121| —o217} —0547| —ose7| 1173) 1464| 1737] 1990] 2221 
6 | ~2429| 2612| 2769| 2809] 3001| 3074] 3119| 3135] 3123) 3082 
7 | —3014| 2920 2800] 2656] 2490| 2303] 2097] 1875] 1638] 1389 
| —1130] 0864| 0593} 0320) 0047| +0223 0488} 0745) 0993/1228 
9 | 41418) 1653; 1840] 2008; 2154} 2279) 2380| 2458 2512] 2542 

J3(z) 
az oO A 2 3 4 5 6 a 8 o 
“ol +0) 0! 0002| 0006) 0013; 0026, 0044/0069} | o102| 0144 
1| -+0196| 0257) 0329] 0411) 0505) 0610; 0725, 0851, 0988} 1134 
2| +1289] 1453|  1623| 1800| 1981) 2166| 2353| 2540| 2727| 2011 
3| +3001| 3264, 3431/3588; 3734 3868| 3088} 4092) 4180] 4950 
4| +4302] 4333/ 4344| 4333| 4301/4247) 4171 | 4072| | 3952| 3811 
5 | +3648] 3466) 3265} 3046] 2811| 2561) 2298) 2028) 1738| 1446 
6 | +1148| 0846] 0543; 0240 —0059| —0353/ 0641; 0018/1185, 1438 
7 | ~1676| 1996] 2009| 2281] 2442) 2581) 2606] 2787; 2853/2805 
3 | —2911| 2903| 2869] 2811| 2730) 2626, © 2501| 2355] 2190] 2007 
9 | —1809| 1598| 1374] 1141| 0900/0653, +0403) 0153] +0097] -+0343 
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x oO all 2 3 4 sz 6 a7 3&8 o 
o| +0 0 0 0} 0001/0002} 0003) 0006/0010; 0016 
1| +0025} 0036/0050) 006s} 0091/0118 0150| 0188; 0232| 0283 
2| +0340/ 0405 0476| 0556] 0643) 0738] 0840| 0950| | 1087| 1190 
3| +1320 1456) 1597) 1743| 1802, 2044 2198; 2353) 2507| 2661 
4| +2811, 2958) 3100| 3236) 3365, 34843504] 3693) 3780) 3853 
5 | +3012; 3956) 3985 3996| 3991/ 3967/  3926| 3866) 3788) 3601 
6 | +3576, 3444/3204) 3128) 2045] 2748] 2537/2313) 2077/1832 
7| £1378] 1317| 1051/0781; 0510, 0238 —0031| —0297| —0557| —0810 
| - 1054] 1286] 1507) 1713 1903; 2077) 2233) 2369] 2485 | 2581 
9 | —2685| 2707} 2736) 2743; 2728} 2691| 2633/2553, 2453) 2334 
Js(x) 
zx oO ok 2 3 A 3s 6 a & » 
ol +0 230 =o} SSS SiS sist] cc 
1| +-0002/ ~ 0004] 0006! 0009) 0013; 0018} 0025} +0033) 0043) 0055 
2| +0070| 0088| 0109] 0134; 0162/0195] 0232|  0274| 0321/0373 
3 | +0430 0493) 0562} 0637; 0718| 0804| 0807/0995, 1098; 1207 
4| +1321| 1439] 1561/1687, 1816) 1947) 2080, 2214] 2347) 2480 
5 | +2611/ 2740| 2865] 2986] 3101; 3209| 3310/3403] 3486| 3559 
6 | +3621|° 3671| 3708) 3731| 3741 3736) 3716| 3680/3629 3562 
7 | +3479] 3380] 3266) 3137/ 2993/2835) 2663) 2478| 2282} 2075 
8 | +1858} 1632} 1399] 1161; 0918; 0671 0424|_0176| —0070| —0313 
9 | ~0550| 0782) 1005, 1219/1422) 1613) 1790| 1953; 2099] 2220 
Jo(x) 
xz 0 A 2 3 4 5 6 a7 8 oO 
0 Os Ol Ol ecOls Oh AOL ol? 0) sO. 20 
1 o| 0} 0001; 0001) 0002/0002} 0003} 0005) 0007/0009 
2| oo1z| 0016} 0021 0027/0034 0042} 0052 0065) 0079| 0095 
3| Ol14| 0136) 0160] 0188| 0219 0254) 0293) 0336] 0383 0435 
4| 0491| 0552| 0617} 0688; 0763) 0843 | 0927| 1017/1111] 1209 
5 | 1310| 1416} 1525] 1637| 1751/1868} 1986) 2104) 2293/2341 
6 | 2458) 2574] 2686) 2795) 2900 2999} 3093 3180| 3259] 3330 
7| 3302] 3444] 3486) 3516) 3535] 3541| 3535) 3516) 3483/3436 
8| 3376/3301; 3213) 3111/2996] 2867} 2725, | 2571| 2406| 2230 
9| 2043 i847] i644] 1432) 1215, 0993, 0768) 0540 0311) 0082 
J7(x) 
x oO aA 2 3 4 Ss 6 i 3B 9 
0 ad ag of of oo oO ado 0) 20 
1 Ol aGcOf: a 2Ol Se ZO} S10 -e0 0} 0001) 0001| +0001 
2| 002] voz] 0003; 0004) 0006/0008} 0010| 0013, | 0016| 0020 
3| 0025} 0031| 0038| 0047} 0056} 0067/0080) 0095, 0112 0130 
4 | 0152] 0176} 0202| +0232) 0264} 0300} +0340, 0382) 0420/0479 
5 | 0534| 05921 0654] 0721} 0791| 0866] 0945) 1027; 113} | 1203 
6| 1296| 1392; 1491 1592] 1696] 1801/1908, 2015] 2122} 2930 
7 | 2336] 2441/2543) 2643) 2739/2832] 2919 3001) 3076] 3145 
8 | 3206] 3259} 3303) 3337|  3362| 3376| 3379| 3371| 3351| 3319 
9 | 3275| 3218] 3149] 3068; 2974, 2868) 2750| 2620| 2480| 2328 
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i(z) 






























































zr a A 2 3 4 3 6 a & 9 

“0 | +5000) 4981| 4925} 4832] 4703| 4539| 4342/4112} 3852| 3565 
1 | +3251) 2915] 2559/2185] 1798] 1399) 0992) 0581) 0169) —0241 
2 | —0645| 1040/ 1423] 1792] 2142) 2472) 2779) 3060) 3314} 3538 
3 | —3731| 3891] 4019} 4112) 4170} 4194! 4183) 4138) 4059) 3948 
4 | —3806) 3635, 3435) 3210) 2962) 2692/2404) 2100/1782} 1455 
5 | —1121| 0782] 0443| 0105] +0227) +0552) 0867) 1168) 1453) 1721 
6 | +1968| 2192| 2393] 2568} 2717; 2838} 2930| 2993} 3027| 3032 
7 | +3007] 2055| 2875) 2769} 2638! 2483! 2307| 2110) 1896} 1666 
8 | +1423} 1169| 0908} 0640} 0369! |. 0098] —0171) —0435| —0692) —0940 
9 | —1176| 1398} 1604] 1792] 1961] 2109} 2235] 2338} 2417) 2472 

4(x) 

xz 0 aA 2 3 4 pS 6 a 38 a 

0 +0] 0250) 0497] 0739} 0974 1199] 1412} 1610) 1793) 1958 
1 | +2102) 2226) 2327) 2404) 2457) 2485) 2487) 2463) 2414) 2339 
2 | +2239} 2115] 1968] 1799] 1610} 1402} 1178} 0938} 0685} 0422 
3 | +0150] —0128| —0409| —0691| —0971| —1247| 1516) 1777) 2026) 2261 
4 | —2481| 2683] 2865] 3026] 3165] 3279} 3368! +3432} 3469} 3479 
5 | —3462] 3419] 3349] 3253} 3132} 2988} 2821) 2632) 2424| 2199 
6 | —1957| 1702] 1436] 1161| 0879} 0592} 0305) +0018) +0266) +0544 
7 {| +0814} 1074; 1321) 1553] 1769} 1967] 2144) 2300} 2434) 2543 
8 | +2629} 2689] 2725] 2734] 2719] 2679} 2614) 2526) 2415] 2283 
9 | +2131] 1961] 1774] 1572] 1358} 1133} 0899) 0659} 0416} 0170 

Is(x) 

x 0 A 2 3 4 5 6 e & a 

“o| +0) 0006) 0025} 0056] 009s 0152) 0217] 0291] 0374) 0465 
1| +0562] 0665 0772; 0881} 0991] 1102} 1210) 1315) 1415) 1508 
2} +1594] 1671] 1737) 1792) 1833} 1861] 1875] 1873) 1855} 1821 
3 | +1770] 1703} 1619} 1519} 1403} 1271 1125) 0965) +0793} +0609 
4} +0415] 0212} 0003] —0213| —0432} —0653} 0874] 1094! 1310} 1520 
5 | —1723| 1918) 2101) 2272] 2420) 2570] 2695) 2801) 2889) 2956 
6 | —3003} 3028] 3031} 3013} 2073, 2911| 2828] 2724! 2600) 2457 
7 | —2296] 2118] 1925/ 1719} 1500, 1270} 1033! 0789| 0540) +0289 
8 | —0038| +0211) +0457) +0696| +0928) +1150] 1360} 1557) 1739) 1904 
9 | +2052| 2180| 2288) 2376) 2441) 2485) + 2507| 2506] 2483) +2438 

Ji(z) 

x 0 all 2 3 4 Ss 6 7 8 a 

0 +0 0} 0001; 0003} 0007} 0013/ 0022} 0034) 0051) 0071 
1 | +0097] 0126] 0161! 0201} 0246} 0296} 0350) 0409) +0473} +0539 
2 | +0610} 0682} 0757} 0833} 0909} 0985} 1060! 1133) 1203) 1269 
3 | +1330] 1385] 1434) 1475| 1508) 1532) 1545) 1549) 1541) 1522 
4| +1490 1447; 1391/1323) 1243) +1150) 1045/0929) +0802} 0665 
5 | +0518) 0363/ 0200/ 0030] —0145] —0324| 0506) 0690} 0874) 1057 
6 | —1237; 1412} 1582} 1745) 1900) 2045) 2178| 2299 2407) 2500 
7 | —2577] 2638] 2683) 2709, 2718) 2708, 2679| 2633) 2568) 2485 
8 | —2385| 2267) 2134| 1986, 1824) 1649] 1462} 1265) 1060) 0847 
9 | —0629| 0408} 0184) +0039) +0261) +0480) 0694) 0900) 1098] 1286 
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Ji(x) 
x 0 A 2 3 4 3 6 a7 38 9 
0 +0) 0 0 0 0} 0001; 0002} 0003) 0005} 0008 
1 | +0012} 0018) 0025) 0034) 0045) 0058 0073) 0092) 0113) 0137 
2 | +0164; 0194) 0228) 0265) 0305) 0348) 0394) 0443) 0494) 0548 
3 | +0603) 0660) 0718) 0777) 0836| 0895) 0952) 1008} 1062) 1113 
4 | +1160} 1203) 1242) 1274) 1301) 1321) 1333) 1338) 1335) 1322 
5 | +1301] 1270} 1230) 1180) 1120) 1050) 0970) 0881} 0782) 0675 
6 | +0559} 04385) 0304) 0166) 0023) —0126) 0278} 0483) 0591) 0749 
7 {| —0907} 1064 1217; 1368) 1513) 1652! 1783) 1906) 2020) 2123 
8 | —2215} 2294) 2360) 2412) 2449) 2472) 2479) 2470) 2446) 2405 
9 | —2349] 2277] 2190 2088) 1972} 1842} 1700/ 1546] 1382} 1208 
Ji(x) 
x 0 A 2 3 4 5 6 a 3 9 
0 +0) 0 0 0 0 0 0 0 0} =0001 
1} +0001} 0002} 0003) 0004) 0006, 0009} 0012) 0016) 0021) 0027 
2 | +0034) 0043} 0053) 0065) 0078) 0094) 111) 0130) 0152) 0176 
3 | +0202} 0231) 0262) 0295) 0331) 0368) 0408) 0450] 0493) 0538 
4 | +0585] 0632) 0680} 0728} 0776} 0823) 0870) 0916} 0959) 1000 
5 | +1039) 1074; 1105) 1132) 1155) 1172) 1183) 1188) 1187} 1178 
6 | +1163} 1139} 1108) 1069) 1022) 0967} 0904) 0833) 0753) 0666 
7 | +0572} 0470} 0362) 0247; 0127) 0002) —0128} —0261) —0397| —0535 
8 | —0674| 0813) 0952} 1088} 1222) 1352) 1478) 1597; 1710) 1816 
9 | —1912} 2000} 2077; 2143) 2198) 2240} 2270) 2287) 2290) 2279 
Tasie IV 
RELATIvE Rapius FoR Maxmtum oF pI} 
Mode 
TE 11 +737 
12 +982 254 
13 +993 +613 +159 
21 894 
22 988 -407 
23 +995 -664 274 
31 -937 
32 991 491 
4 .956 
42 993 548 
51 .967 . 
61 974 
TM OL 901 
02 +983 393, 
03 +993 627 250 
11 -961 
12 +989 525 
13 +995 -682 362 
21 977 
22 +992 596 
31 984 
32 -994 643 
41 +988 
51 -990 
61 +992 


Some Results on Cylindrical Cavity Resonators 
By J. P. KINZER and I. G. WILSON 


Certain hitherto unpublished theoretical results on cylindrical cavity reson- 
ators are derived. These are: an approximation formula for the total number 
of resonances in a circular cylinder; conditions to yield the minimum volume cir- 
cular cylinder for an assigned Q; limitation of the frequency range of a tunable 
circular cylinder as set by ambiguity; resonant frequencies of the elliptic cylinder; 
resonant frequencies and Q of a coaxial resonator in its higher modes; and a brie: 
discussion of fins in a circular cylinder. 
The essential results are condensed in anumber of new tables and graphs. 


INTRODUCTION 


HE subject of wave guides and the closely allied cavity resonators was 

of considerable interest even prior to 1942, as shown in the bibliography. 

It is believed that this bibliography includes virtually everything published 

up to the end of 1942. During the war, many applications of cavity reso- 

nators were made. Among these was the use of a tunable circular cylinder 

cavity in the TE 01 mode as a radar test set; this has been treated in pre- 

vious papers.'? During this development, a number of new theoretical 

results were obtained; some of these have been published.? Here we give 

the derivation of these results together with a number of others not previ- 
ously disclosed. 

In the interests of brevity, an effort has been made to eliminate all 
material already published. For this reason, the topics are rather discon- 
nected, and it is also assumed that the reader has an adequate background 
in the subject, such as may be obtained from a study of references 3 to 7 
of the bibliography, or a text such as Sarbacher and Edson.® 

A convenient reference and starting point is afforded by Fig. 1, taken from 
the Wilson, Schramm, Kinzer paper.? This figure also explains most 
of the notation used herein. 
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CONTENTS 


1. Approximation formula for number of resonances in a circular cylin- 
drical cavity resonator. 
2. Conditions for minimum volume for an assigned Q. 
410 


SABLE 1. Formutas for Cavity Kesonators—fields, Kesonant Frequencies and Mode Shape Factors for Rectangular Prism, Circular Cylinder and Full Coaxial 












































APPROXIMATION FOR 





























































































































w RESTRICTIONS TOTAL NUMBER OF 6 
TYPE OF K & a 3 
eR aN 8 FIELD EQUATIONS * DEFINITIONS ‘ON @,m,n NORMAL WAVELENGTHS | [oat Tee FORMULAS FOR Q-Y DEFINITIONS 
HAVING A> Ao 
— 
fe Kika k k k. 
et COSKIX SINKaY SINKSZ | 
| f 
RECTANGULAR PRISM Ey= pe ue SIN kx CoSk,y SINK3z abL (02 + g2)(p2 +g? +r2)? an 
ADK APT ROE Re FER if 
KE +kS ky = ka = 4 p@b(atL) + q2a(b+L 
e2=-\£ Tae SIN Kix Sin kay CoSk3z Bt t>o0 é be ) + qa(b+L) 
az = 
k, =k? +3 tke x 2 2 \ 32 
Hy = 7 52 sin k)x coskgy cos k3z ENS m>o (2+ (B+ (2) abe (p2+q2)? aah 
k = 2 p#b(ar2L) +q?a(b+2L) 
Hy = cos k,X SIN Ky COS k3Z a 
z | 
is = N=8.38 ae | 
2 0 Q.m.n = INTEGRAL INDICES = oo - 
IDENTIFYING THE MODES. MAY 5 |. q= 
{x kK ASSUME THE VALUE ZERO, SUB- o Vv =abl 3 b 
= Ve qe coskix Sin kay Sin kz JECT TO RESTRICTIONS GIVEN @ abL | (p2+q2)(p2+q2 +72)? anes 
IN ADJOINING COLUMN 5 : = | {P2+ a Lain 
a P=artbte 4 aL[per? + (p24q2)?] + bL[g2r2 + (p2+q2)7] + ab r2(p2+q2 PPS eas 
= Eb SIN KX COS ka SIN k3Z x [ (pa?) +o [a (?+4)"] (n2+q2) 
3 
aed Enthzo TE SAME AS TM MODES abl) * (a2+r2)? f=0 
2 2 2 
Hy = hike SIN Kx COS kay COS k3Z n>o ql (b+2a) +r2b (L+2a) 
kek 2 
Hy = oe 3 cos k\X SIN key COS k3Z ab (p24 r2)? 
oe m=o 
2 2 2 
Hz=- ke cos k\x COS kay SINK3Z pel (at2b) +r2a (L+2b) 
+ 
Ep=-VE M2 si(kip) costo sinkyz | 
CIRCULAR CYLINDER Ee = feet 20) site SIN k3z se, = ttm eo = Al 
é J a 3— FG Stn [1 4 perefe. —— n>o 
' + 
Poe (e Fe Jelkip) Coste coskyz e 128 
™ Se (iso) ke =k? kS a= 3m | 
2 Hp= -C =thiph SIN @@ cosk3z Tim! 
Stim n=0 
Gures Ho = -J¢(k)p) cosee cos k3z < | wo veer 
&,m,n = DEFINED AS FOR 2 4 
Hz =0 RECTANGULAR PRISM 2 ae 
& 
L | —_—_| w [c= Vie = vetocity oF 2" | 
Je(kip) Tom = mth zero oF Je (x) < ELECTROMAGNETIC WAVES 
Ep -[2 2 SINFO: SINKS2 = FOR Snioeee , 3 IPPIREECT IC Be oe 
' 2 s=tal rtm 
Ee= -\e Jh(Kip) COSLO SINK3Z . o 
he fl s Fim = mth zerc oF J¢(x) f = FREQUENCY 
a— e526 FOR TE MODES 1-(~? 
2 Tom 
TE TE 
Te 
Hp = 4 Jklkip)coste coskaz leper? + p2 (1-R) A? (zt) 
Ja(k 
z-f HA) site COS k3Z | 
1 
Jo(k,p) cCOSfO SINK3Z 
SAME AS ri 4 (\-n2H') 
CIRCULAR CYLINDER, EXCEPT: ¢m z - 
FULL COAXIAL SAME AS FOR CIRCULAR srl + P2R?] THA) RUE) 0 
CYLINDER, BUT SUBSTITUTE: Tim = mt ZERO OF m>o 
™ aM 
ec rn -n2H! 
Ze (kip) FOR Je (ky p) Lelnx) Ye(x) - Je (x) Ye(nxl] SPECIAL CASE OF fom, (=n2H) n=0 
fea TM 0,0,n Move, T (1+ H)+R(1-n2H) 
* 4 Je(fem WITH gm = 0 es at 
K FOR Jt (Ki Pp) = ‘¢m a se 4 
eessre SALE ** Ya(rem) = SAME FORM AS FOR NaS THESE EXPRESSIONS ARE NOT VALID FOR SMALL 1) WHEN £=0 Pe erim 
CYLIND 
6 
FOR TM MODES oO WITH SOME DOUBT | i 
WAERE 4 mHAS DIFFERENT — | AS TO VALUE OF THE 3 ie 
tem = mth ZERO OF 3 VALUES COEFFICIENT re [| + p?R2]°M He a tm) 
m 2 eo r 
eT Wom) ppert se Cea +p2R3M @ (rem) 
[seln>>) Ye &) - 4560) Ye (Xd) m>o im ( 2 
TE Zo (k,p) = Je (kyp) - AY (Kip) . TE fr Za(1 im) 
; n>o #135 (r 
Z’a(kip) = Ja (hip) ~ AYE (ean) eee) a Ze (rem) 
0238 soe jae) 








FOR TE MODES 
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3. Limitation of frequency range of a tunable cavity in the TE 01n mode 
as set by ambiguity. 

4. Resonant frequencies of an elliptic cylinder. : 

5. Resonant frequencies and Q of higher order modes of a coaxial reso- 
nator. 

6. Fins in a circular cylinder. 


APPROXIMATION FORMULA FOR NUMBER OF RESONANCES IN A 
CiRCULAR CYLINDER 


From Fig. 1, the resonant frequencies of the cylindrical cavity are ob- 
tained from the equation: 


2 2 
aa (2) 5 (cn 
yo = (2) + (#2) (t) 
in which r is written in place of rym, to simplify the equations. The dis- 


tribution of the resonant frequencies, starting with the lowest, can be 
approximated by a continuous function 


N = F(fo) = G(do) 


where W represents the total number of resonances up to a frequency fo 
or a wavelength A). This is bound to be an approximation, since the true 
function F is discontinuous (or stepped) by virtue of the resonances being a 
series of discrete values. For practical purposes, if F fits the stepped curve 
so that the steps fluctuate above and below F, it will be a useful approxi- 
mation. 

Derivation of such a formula as applied to the acoustic resonances of a 
rectangular box has recently been a subject of investigation by Bolt® and 
Maa.” Only slight modifications of their method need be made to apply 
to the present situation. 


2 r\? 
Multiply (1) thru by z)? 


(=r a) 


Hence, if a point (- we) is plotted on the XY plane the distance from the 
if 


origin to this point will be = and hence a measure of the resonant fre- 
quency. If all such points are plotted, they will form a lattice represent- 
ing all the possible modes of resonance. The problem, then, is to find the 
rafo 


number of lattice points in a quadrant of a circle with radius, R = 
¢ 
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The values of the Bessel zero, 7, are not evenly spaced along the X-axis; 
indeed the density, or number per unit distance, increases as r increases. 
Let the density be p(x). Then the problem becomes one of finding the 
weight of a quadrant of material whose density varies as p(x). 

Suppose the expression for M, the number of zeros r, less than some value 
x, is of the form 

M = Ax? + Bx 
whence, by differentiation, 
p(x) = 2Axn+ B. 


The weight, W, of the quadrant of a circle of radius R is then, by integra- 
tion, 


_ 2 spa: TF ppt 
W=;4R + 7 BR. 


a Dag hs 3 sae eae 
Since there are =F lattice points per unit distance along the Y axis, al 
™ we 
is apparently the total number of points in the quadrant. However, there 
are two small corrections to consider. First is that in this procedure a 
lattice point is represented by an area and for the points along the X axis 


a 
half the area, i.e., a strip me wide lying in the adjacent quadrant, has been 


omitted. Second is that the restriction » > 0 for TE modes eliminates 
half the points along the X axis. As it happens, these corrections just 
cancel each other. Thus we have 


_ 16rd V | xB S 


oas r a 
in which 
2 
ra L 
= ee = raL ae, 
V 4 S = 7a. ro = te 


From a tabulation" of the first 180 values of r, the empirical values A = 
0.262, B = 0 were obtained. This gives 
V 


N= 4.3933. 


Subsequently, from an analysis of over a thousand modes in a “square 
cylinder” (a = L), Dr. Alfredo Bafios, formerly of M.I.T. Radiation Lab- 
oratory, has calculated the aoe formula 


S 
W = 4.38 53 v4 + 0.089 55 (2) 
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from which A = 0,262, B = 0.057. These values give better agreement 
with the 180 tabulated values of r. 

There is a two-fold degeneracy in a circular cylinder for modes with 
£ > 0, which is removed, for example, when the cylinder is made elliptical. 
The total number of modes, then, counting degeneracies twice, is about 2, 
which brings (2) in line with the general result that, in any cavity resonator, 
8a V 


the total number of modes is of the order zh 
0 


Minimum VOLUME OF CIRCULAR CYLINDER FOR ASSIGNED Q 


In practical applications of resonant cavities, the conditions of operation 
may require high values of Q which can be attained only by the use of high 
order modes. The total number of modes, most of which are undesired, 
can then be reduced only by making the cavity volume as small as possible, 
consistent with meeting the requirement on Q. 

It will be shown that, for a cylinder, operation in the TZ 01n mode very 
probably gives the smallest volume for an assigned Q. 


Statement of Problem 


When the relative proportions (the shape) of a cavity and the mode of 
oscillation are fixed, both the Q and the volume, V, of the cavity are func- 
tions of the operating wavelength, A. Since we are primarily interested 
in the relationship between Q and V, with A fixed, some simplification can 
be made by eliminating \ as a parameter. This may be done by a change of 


variables to Q > and % , respectively; to simplify the typography, these 


quantities will be denoted by single symbols: 


~ tx 
PmiQs 

Vv 
W=sx- 


We are, consequently, interested in the following specific problem: 

In a circular cylindrical resonator, which is the optimum mode 
family and what is the corresponding shape to obtain the smallest 
value of W for a preassigned value of P? 

A rigorous solution cannot be obtained by the methods of elementary 
calculus, since P is not a continuous function of the mode of oscillation. 
However, a possible procedure is to assume continuity, and examine the 
relation between P and W under this assumption. If sufficiently positive 
results are obtained, the conclusions may then be carried over to the dis- 
continuous (i.e., the physical) case with reasonable assurance that, except 
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perhaps for special values, the correct answer is obtained. We proceed on 
this basis. ; 


Solution 


To permit a more coherent presentation of the arguments, only their 
general outline follows. More mathematical details are given later. 


We start with the formulas for Q . (= P) as given in Fig. 1. 


The first operation is to show that, under comparable conditions, i.e., 
d, r, n fixed, the TE Omn modes give the highest values of P. That this is 
plausible can be seen in a general manner from the equations as they stand. 
For the TE modes, if ¢ = 0, the numerator of the fraction is largest. Also, 
P simplifies, and the denominator roughly reduces the expression in square 
brackets to the 1/2 power. Now compare this expression with those for 
the TM modes. That for the 7M modes (n > 0) is smaller because of the 
factor (1 -+ R) in the denominator. Finally, that for the TM modes (n= 
0) is still smaller, because 1 < (1 + p?R?)!/, 

This leaves only the TE Omn modes to be considered, and the next step 
is to show that m = 1 is the most favorable value. Since the relation be- 
tween P and W is complicated, a parameter ¢ is introduced, with ¢ defined 
by 
: tang = pR. (3) 


The resulting parametric equations are: 


Die (4) 


w=-%—4_. (5) 


For each of the discrete values of r and m (m is related to p) then, plots 
of P vs W can be prepared as shown in Fig. 2 for the TE 01n modes. 

Inspection of Fig. 2 shows that the best value of Q does not correspond 
to a minimum of WV or a maximum of P for a given value of n, but rather to 
a point on the “envelope” of the curves. To get the envelope, we assume 
p to be continuous and proceed in the standard manner. It turns out that, 
by solving (4) for p in terms of P, r and ¢, substituting the resulting ex- 


pression in W, and setting a = 0 an equation is obtained which, when 


solved for y, gives the values of g which lie on the envelope. 


415 
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We next substitute this expression for g in W and calculate oe assuming 


now that r is continuous, and find that W has no minimum. Practically, : 
this means that the smallest value of r should be used, i.e., the TE 01n mode. 


Finally, since from Fig. 2 it is seen that the envelope is reasonably smooth ~ 
6 
for values of Qx > 1, the expression for g derived on the assumption of 


continuous # is pas to obtain a simple relation of great utility in practical 
cavity design. . : 


Details of solution 


In (3), since R must be finite for a physical cylinder,0 < tang < ™, 
0 < sing < 1,and0 < cosy < 1. Hence we may always divide by 
sin g or cos y. Note that g ranges between 0° and 90°. 


From Fig. 1, 
pa 2 + v*RY 
i a 
whence 
ksing = 2prk (6) 
a 
ar 
kcosg = =e (7) 
We define W by: 
_V_«a a 
W= x GR Be (8) 
Substituting (6) and (7) in (8), 
la 1 


~ 4x" cos’ g sin 9" 


Substitution of (3) into the expression for oS (= P) for the TE modes as 
given in Fig. 1 yields, after some manipulation 
P r 1 — (t/r) 


2 > . 
cos’ g + ; sin’ g + (cos g- an g (t/r)’sin? o 
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' To show that any value of £ > 0 reduces P below its value when ¢ = 0, 
let 


a= cost p + 5 sink 


b= (cos. - ; sin e) sin? 9 


c = (£/r)*. 
It suffices to show that 
1 1l—e¢ 
a” a+tbe 


where the question is in doubt because 6 may take on negative values. If 
the inequality is to be valid, it is necessary only that (6 + a) > 0, that is, 
cose > 0. Hence, for the TE modes, only £ = 0 needs be considered. For 
this case, the expression for P simplifies to 


P= 1 
=— 7 ‘ 
oT at git: 1 sin’ y @’) 
p 
For the TM modes, there is similarly obtained 
r 1 
Peet es 
Om con pc sing n>0 (9) 
p 
po cos 9 
Vee n=0. (10) 


** cose + 55sine 


It is easy to show, since cos gy < 1 and sin g < 1, that both (9) and (10) 
are less than (4’). 

Hence we have shown that, under comparable conditions, i.e., r and p 
constant, the 7 Omn modes have higher values of P than any others. 
There is one flaw in the argument, viz., r takes on discrete values and cannot 
be made the same for all modes. It is conceivable, therefore, that for some 
specific values of P, a mode other than the TE Omn can be found which 
gives a smaller WV than either of the two “adjacent” TE Omn modes, one 
having a value of r higher, the other lower, than the supposed high-P 
mode. This situation requires further refinement, and hence complication, 
in the analysis; we pass over this point. 

Having so far indicated that the TE Omn modes are the best, our next 
objective is find the best value of m, if possible. 
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By. use of the parametric equations (4) and (5), Fig. 2 has been plotted 
for r = 3.83 (TE 01n modes) and values of 7 from 1 to 9. This drawing 
shows that, for each discrete value of r, minimum W/P is given by points 
on the “envelope” of the family of curves. 

The standard method of obtaining the envelope is to express W as a 
function of P with » as parameter (r is assumed fixed, for the moment), 
ie., W = F(P, n), and then set ae = 0. However, in this case it is easier 
to express W = G(P, ¢) and g = H(n), whence 


and the envelope is obtained by setting “ = 0 provided se #0. We 


proceed, therefore, as follows. 
Assume ? is continuous, and solve (4) for p, obtaining: 


sin’ yg 
Pr teal, a 
2nP e 
Now substitute (11) in (5). This gives W as a function of P and ¢: 
2 
le ant cos’ y ( —— — cos’ ) ' a2) 
?\2eP ¢ 


To solve ae = 0, we differentiate and simplify. This yields 
e 


3 Bi Lt 
5 cos y — 3cos' 9 = =P’ (13) 


Substituting (13) back into (11) yields 


_ 2sing 

Pe coe (14) 
The situation so far is that, with P.and r assigned, W lies on the en- 

velope and is a minimum when ¢ satisfies (13); p is then given by (14). 

Obviously, for (13) to hold, it is necessary that | 


r 
iP < 1° 


To obtain the best value of r, the procedure is to differentiate Wmin with 
respect to 7, assuming now that r is continuous, and examine for a mini- 
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mum. We can, however, first differentiate (12) by setting 


dW _ aw | aW ae 


dr or. Og Or 


and then substitute from (13). However, when (13) is satisfied, > = 0. 
This process yields 
dw _ 7 (2 — 3 cos’) 


dr — x: Ysin?ycos' yg © 


This shows x to be positive, when cos’g < 3. Hence = = 0 corresponds 


to a maximum, rather than a minimum.* If cos? < 3, that is, g > 35°16’, 
then r should be as small as possible. The smallest r is 3.83, for the TE 
O1n modes. For r = 3.83, and yg > 35°, from (13) there is obtained P > 
0.75. 


The analysis thus indicates that, for values of'P = Q5 greater than 0.75, 


the TE 01n mode yields the smallest ratio W/P or V/Q. 

An interesting and simple relation between fa and R for minimum W/P 
can easily be derived from the foregoing equations. Substitute (14) back 
into (6), thereby obtaining 


_ _4Rr 
3a cos’ y" 


(15) 


Now use (7) with (15) to eliminate cos ¢, replace k by 27/A, and r by 3.83, 
its numerical value for the TE 01% modes. This gives 


2 
a 
x = 2.2 
(2) R 3 


or by substituting A = =, ¢ = 3 X 10", 


Suis 


(fa)? R = 20.1 x 10”. 


This useful relation was first discovered by W. A. Edson. 

Some further discussion is of interest. It is realized that a number of 
points have not been taken care of in a manner entirely satisfactory mathe- 
matically, but nevertheless important practical results have been obtained. 
As an example, since » and r can assume only discrete values, there are 

* It is for this reason that the determination of the stationary values of W(r, p, ¢), 


subject to the constraint P(r, p, ¢) = constant, by La Grange multipliers fails to yield 
the desired least value of W/P. 
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specific situations where some mode other than the TE 01n gives a smaller 
W/P. For example, it may be shown that for P between 0.97 and 1.14 
the TE 021 mode yields a smaller W than the TE 013 or TE 014 modes. 
However, the margin is small, and fon larger P, the TE 02n modes become 
progressively poorer. 


LimiraTION ON FREQUENCY RANGE OF TUNABLE Cavity AS SET 
BY AMBIGUITY 


In the design of a tunable cylindrical resonant cavity intended for use 
in the TE 01n mode, the requirements on Q may dictate a diameter large 
enough to sustain TE 02n' or TE 03n’ modes. Also, the range of variation 
of cavity length may be such that the TE 01(n + 1) mode is supported. As 
the cavity is required to tune over a certain range of frequency, the maximum 
frequency range possible in the TE 01” mode without interference from the 
TE 01(n + 1)} or any TE 02 or TE 03 modes isof interest. The interference 
from the TE 01(n + 1) limits the useful range of the TE 01n by the presence 
of extraneous responses at more than one dial setting for a given frequency 
or more than one frequency for a given dial setting. In applications so far 

" made, it has been possible to eliminate extraneous responses from the TE 02 
and TE 03 modes, but crossings of these modes with the niain TE 01n mode 
have not been permitted. No designs have had diameters sufficiently large 
to support. TE 04 modes. 

The desired relations are easily obtained by simple algebraic manipula- 
tion of equation (1). For simplicity in presentation of the results, we in- 
troduce some symbols applicable to this section only: 


2 2 
He [ze] B= [5] = 2.247 x 10" 
= 2 


Ay = value of A for TE 01n modes = 13.371 X 10” 

t = A/Ao 

a9 = (a/L)? at low frequency end of useful range of TE 01n mode 
F = frequency range ratio = maximum f 


minimum f° 


The values of A and ¢ depend upon the interfering mode under considera- 
tion. For the TE 02n modes, A = 44.822 X 10”, ¢ = 3.3522. 
The two typical cases of interest are shown on Fig. 3. For case I, am- 


+ It is easy to show that the extraneous response from the TE 01(n — 1) mode i is not 
limiting. The proof depends on the inequality n? > (m + 1) (» — 1). ‘ 
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(fa)? 


Y= 


TE 02 


TE OI 











Fig. 3—Mode chart illustrating types of interference with TE O1n mode. 


biguity from TE 01(n + 1) mode, it is found that 


pe a dot BQ + 1)’ 
Ao + Bn? xo : 


Curves of F for this case are shown on Fig. 4. 
_ The maximum value of F is obtained when «» = © and is 


n+i1 


n 





Prax = 
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Fig. 4—Curves showing maximum value of frequency ratio without interference from 
TE Oi(n + 1) mode (case I of Fig. 3). 


Taste I.—Case II: Maximum Frequency Range Ratio, F, for TE 01n Mode when Limited 
by Mode Crossings with TE 02m and TE 02(m+1) Modes. 











n=3 n=4 n=12 
™ 
F (¢/L) min F (@/D) nin F (@/L) min 
1 1,198 1.323 1.086 0.966 1.008 0.313 
2 1.242 1.080 1.013 0.316 
3 1.019 0.322 
4 1.027 0.331 
5 1.037 0.343 
6 1.051 0.360 
7 1.071 0.384 - 
“8 1.104 0.418 
9 1.168 0.471 
10 1.345 0.564 
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For case II, range limited by mode crossings, it is found that 


» AS As 

© Bat — 2) 

pu en n”)[n?t — (n’ + 1)'] 
~ (t= 2? —@ + 17 


Some values for this case are given in Table I. 
The formulas above are general and may be used for any pair of mode 
types by using the appropriate values for A and ¢. 


Tue Exuirtic CYLINDER 


In the design of high Q circular cylinder cavity resonators operating in 
the TE 01n mode, it is desirable to know how much ellipticity is tolerable, 
so that suitable manufacturing limits may be set. The elliptical wave 
guide has already been studied, notably by Brillouin” and Chu,” but the 
results are not in suitable form or of adequate precision for the present 
purposes. More recently tables! have become available which permit the 
calculation of some of the properties of the elliptical cylindrical resonator. 

The elliptical cavity involves Mathieu functions, which are considerably 
more complicated than Bessel functions.'® The tables give the numerical 
coefficients of series expansions, in terms of sines, cosines, and Bessel func- 
tions, of the Mathieu functions up to the fourth order. These tables have 
been used for the calculation of some quantities of interest in connection 
with elliptical deformations of a circular cylinder in the TE 01n mode. 


The Ellipse 


All mathematical treatments of the ellipse (including the tables men- 
tioned above) use the eccentricity, e, as the quantity describing the amount 
of departure from the circular form. The eccentricity is the ratio 


eS distance between foci 
major axis : 


This is not a quantity subject to direct measurement, hence we here in- 
troduce and use throughout the ellipticity, E, defined as 


Re difference between major and minor diameters 
major diameter ‘ 





It is clear that the ellipticity is easily obtained directly. 
Again, many results are given in terms of the major diameter. Since we 
are interested in deformations from circular, and in such deformations the 
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perimeter remains constant, while the major diameter changes, we have 
expressed our results in terms of an average diameter, defined as 


__ perimeter 
oY 


D 


Figure 5 shows the ellipse and various relations of interest. 







P=PERIMETER 


| 
| 
A 


—---~2b(MINOR AxiS)-------. 


ie 


e=ECCENTRICITY= <2 


E=evuipricity=@—) b=a\1-e2=a(i-e) 
A= AREA=TIAab A=1ra2 Vi —e2=Ta2 (1-E) 
D="AVERAGE” DIAMETER=E 


Fig. 5—The ellipse 


Elliptic Coordinates and Functions 


The elliptic coordinate system is shown on Fig. 6. Following Stratton,’ 
we have used £ in place of the table’s z, since we wish to use 2 as the coor- 
dinate along the longitudinal axis. Stratton also uses 7 = cos¢ as the angu- 
lar coordinate; this is frequently convenient. 

Analogous to cos {6 and sin (@ in the circular case, there are even and 
odd* angular functions, denoted by 


*S,(c, cosy) and °S;,(c, cos g) 


which reduce to cos £6 and sin £@ respectively when c— 0. Similarly, there 
are even and odd* radial functions, denoted by 


“‘Tp(c, &) and J,(c, £) 


* For ¢ = 0, only even functions exist. 
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which both reduce to J;(kip) when c—> 0. In the above, c is a parameter 
related to the ellipticity.* The tables do not give values of the functions, 
but rather give numerical coefficients 

Df, and F%, 


of expansions in series of cosine, sine and Bessel functions, which permit one 
to calculate the elliptic cylinder functions. The coefficients, of course, 





Fig. 6—Elliptic coordinate system 


depend on the parameter c; the largest value of c in the tables is 4.5, which 
corresponds to an ellipticity of 39% in a cylinder operating in the TE 01n 
mode.** For this case, Bessel functions up to Ji2(«) and Jiz(x) are needed 
for calculating the radial function. It is clear ‘that calculations on elliptic 
cylinders have not been put on a simple basis. 

*Not to be confused with c = velocity of electromagnetic waves; the symbol c is 
here carried over from the published tables. 

** An ellipticity of 39% means that the difference between maximum and minimum 


diameters is 39% of the maximum diameter. For a given ¢, the ellipticity depends on 
the mode. Es z 
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Field Equations 
The equations for the fields are easily obtained from settion 6.12 of 


Stratton’s book, and are given in Table IT, which is self-explanatory, except 
for the quantity c, which we now proceed to discuss. 


Resonant Frequencies 
The elliptic cylinder has the major diameter, 2a, and the focal distance, 


a 
2co. The equation of its surface is then expressed by § = Bm On 
0 


this surface, Z, must vanish. This requires that "7c, a) = 0 for TE 
modes and that ‘°J,(c, «) = 0 for TM modes. The series expansions are 
in terms of cf as variable. Let ca = rim OF Tym be the roots of the above 


c 

equations. Then =e - (dropping the subscripts ¢, m). Now, in working 
0 

out the solution of the differential equations, it turned out that ¢ = coh. 

Here f; is one component of the wave number, kt. Hence ki = : . Further- 


c 


oe * ci : . * 
more, the eccentricity is e = = = The indicated procedure is: 1) choose 


a value of c; 2) find the various values of r for which the radial function or 
its derivative is zero; 3) then calculate the corresponding eccentricity and 
resonant frequency. Notice that for a given value of c, the values of r 
will depend on the mode, and hence so will the eccentricity. 

We now wish to express our results in terms of the ellipticity and the 
average diameter. ‘To convert eccentricity to ellipticity, we use 


E=1-vVi-é. 


The perimeter of the ellipse is given by P = 4aE(e) where E(e) is the com- 
plete elliptic integral of the second kind.{t 

In terms of the average diameter we find 

2 [eee] 


Psy a 





a 2. ar ' 
or calling the quantity in brackets s, ki = a This is now in the same form 


as ky for a circular cylinder of diameter D. The quantity s is the recipro- 
re 


1 of Chu’s =. 
cal of Chu’s ¢ 


tIt is recalled that 


aes nx 
=VEB+B; bar; baz. 


ain 


+t This is tabulated as E(a) in Jahnke & Emde, p. 85, with a = sin-te. 
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We have calculated and give in Table III values of r, e, E and s for several 
values of c and for a few modes of special interest. For three cases, ‘TE 01, 
°TM 11 and °TM 11, we have determined an empirical formula to fit the 
calculated values of s. These are also given in Table III. 


TABLE II. Ettreric Cytinver Freips 




















TE Modes 
Er = —k uw Vina = S(lc, n)J¢(c, &) sin kyz cos wt 
=k aye = ! suc, m)Jf(c, £) sin kas cos wt 
2 ’ 
Ay = ky ven) : Selc, J e(c, &) cos kas sin wt 
1— 
H,= ny VI=? 7 x S¢(c, n)J¢(c, §) cos haz sin wt 
Hz = ki Sele, n)J¢lc, §) sin kyz sin wt 
TM Modes ; 
2 
Ey = —hs ve : Sec, MIUc, &) sin kas cos wt 
2 
E, = —hs ™ Sec, Sec, £) sin ks cos wt 
E, = Bi S¢(c, pels £) cos ks cos wt 
Hy = —k f= wioe Ste, n)J ele, £) cos ky sin wt 
2 ’ 
Hy, =k /': vent —— L site; n)Jt(c, &) cos ks sin wt 
mn. @ 
Notes: 


Derivatives are with respect to £ and n. 
Sgand J¢carry prefixed superscripts, e or 0, since they may be either even or odd. 


G-aVE=e c= ah 


r 
a a ee ee 
a L 


2c is distance between foci of ellipse. 
ais the semi major diameter of the ellipse. 
rym is the value of cf that makes 


J((c§) = 0 for TM modes 
I¢(c,t) = 0 for TE modes. 
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TABLE IIL Roor Vatugs oF RaprAL Exxiietic CyLinper Functions 
Mode c r e E s 
"TE O1 0 3.8317 0 0 3.8317 
0.2 3.8343 0.05216 0.001361 3.8317 
0.4 3.8423 0.10410 0.005434 3.8318 
0.6 3.8558 0.15561 0.012181 3.8324 
0.8 3.8753 0.20643 0.021539 3.8337 
1.0 3.9015 0.25631 0.033406 3.8366 
1.2 3.9349 0.30496 0.047636 3.8417 
1.4 3.9763 0.35209 0.064033 3.8500 
1.6 4.0264 0.39738 0.082346 3.8624 
2.0 4.154 0.4814 0.12351 3.902 
3.0 4.634 0.6474 0.2378 4.101 
4.0 5.29 0.756 0.346 4.42 
4.5 5.66 0.795 0.393 4.62 
5 = 3.8317 + 4.33 E? + 1.9K 
*TM 11 0 3.8317 0 0 3.8317 
0.2 3.8330 0.05218 0.001362 3.8304 
0.4 3.8370 0.10425 0.005449 3.8265 
0.6 3.8436 0.15610 0.012259 3.8201 
0.8 3.8532 0.20762 0.021791 3.8113 
1.0 3.8658 0.25868 0.034036 3.8003 
1.2 3.8818 0.30913 0.048981 3.7874 
1.4 3.9015 0.35884 0.066599 3.7727 
1.6 3.9253 0.40761 | 0.086844 3.7568 
4.5 5.13 0.878 0.520 3.91 
s = 3.8317 — 0.96E + 1.17 
°TM 11 0 3.8317 0 0 3.8317 
0.2 3.8356 0.05214 0.001361 3.8330 
0.4 3.8474 0.10397 0.005419 3.8370 
0.6 3.8670 0.15516 0.012111 3.8436 
0.8 3.8944 0.20542 0.021326 3.8530 
1.0 3.9298 0.25446 0.032918 3.8654 
1.2 3.9731 0.30203 0.046701 3.8809 
1.4 4.0243 0.34788 0.062462 3.8997 
s = 3.8317 + 0.95E + 2.2E? 
"TE 22 0 6.706 0 0 6.706 
0.4 6.712 0.0596 0.00178 6.706 
0.8 6.729 0.1189 0.00709 6.705 
1.2 6.756 0.1776 0.01590 6.702 
1.6 6.788 0.2357 0.02817 6.693 
2.0 6.826 0.2930 0.04389 6.677 
°TE 22 0 6.706 0 0 6.706 
0.4 6.712 0.0596 0.00178 6.706 
0.8 6.730 0.1189 0.00709 6.706 
TZ 6.762 0.1775 0.01587 6.708 
1.6 6.810 0.2350 0.02799 6.715 
2.0 6.877 0.2908 0.04323 6.729 
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Mode c r e E s 
*TE 32 0 8.015 0 0 8.015 
0.4 8.020 0.0499 0.00124 8.015 
0.8 8.035 0.0996 0.00497 8.015 
1.2 8.059 0.1489 0.01115 8.014 
1.6 8.093 0.1977 0.01974 8.013 
2.0 8.135 0.2459 0.03070 8.010 
°TE 32 0 8.015 0 0 8.015 
0.4 8.020 0.0499 0.00124 8.015 
0.8 8.035 0.0996 0.00497 8.015 
1.2 8.060 0.1489 0.01115 8.015 
1.6 8.097 0.1976 0.01972 8.018 
2.0 8.146 0.2455 0.03061 8.022 
*TM 01 0 2.4048 0 
0.2 2.4090 0.08302 
0.4 2.4216 0.16518 
0.6 2.4431 0.24559 
0.8 2.4739 0.32337 
1.0 2.5149 0.39762 
*TE 11 0 1.8412 0 
0.2 1.8416 0.10860 
0.4 “1.8430 0.21704 
0.6 1.8452 0.32516 
0.8 1.8484 0.43280 
1.0 1.8527 0.53975 
Notes: 


Superscripts e and o on mode designation signify even and odd. 


¢ is parameter used in the Tables (Stratton, Morse, Chu, Hutner, “Elliptic Cylinder 


and Spheroidal Wave Functions’’) 


r is the value of the argument which, for 7M modes, makes the radial function zero 


and, for TE modes, makes its derivative zero. 
e is the eccentricity of the ellipse; 


_ distance between foci 
major diameter 
E is the ellipticity of the ellipse; 
= difference between major and minor diam. 


E major diameter 


s is the root value, referred to the “average diameter”; it is related to r by: 


r perimeter 


a major diameter 


The quantity s is also related to the cutoff wavelength in an elliptical wave guide 


according to: 
_ perimeter of guide 
~~ cutoff wavelength 


Resonator Q 


Although the calculation of the root values is straightforward and not 
overly laborious, the same cannot be said for the integrations involved in 
the determination of resonator Q. The procedure is obvious: The field 
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equations are given; it is only necessary to integrate H?dr over the volume 
and H?do over the surface and get Q from 


(16) 





with 5 = skin depth, a known constant. Unfortunately the integrations 
cannot at present be expressed in closed form. A numerical solution can 
be obtained by a combinaticn of integration in series and of numerical , 
integration, 

The calculations have been made for the ‘TE 01 mode with c = 2.0, for 
which r = 4.154. This value of ¢ corresponds in this case to an ellipticity 
of about 12%; in a 4” cylinder this would amount to 1/2” difference between 
largest and smallest diameters. Evaluation* of the integrals yields: 


[wa 

v 
[wa 
Ss 


Substituting ki = se and ks = = , one obtains, finally 


12.307 RRL + 12.294 kL 


49.228 k3 + 0.1619 kik3L + 6.6847 iL 


Soft 1 + 0.1622 n?R° ) 
Ge hee ( 0.0089 n2R? + 0.1529 n*R?) * 


For a circular cylinder, 


5 1 + 0.1681 »°R 
Gs =052 (tote ae) 


Comparison of these two formulas for Q6 shows that the losses in the end 
plates (n?R* term) are less with respect to the side wall losses in the ellip- 
tical cylinder. The net loss in Q6, as described by the reduction in the mul- 
tiplier from 0.5 to 0.471, is thus presumably ascribable to an increase in side 
wall Icsses (stored energy assumed held constant). The additional term 
in n?R? in the dencminator is responsible for the difference in the attenuation- 
frequency behavior of elliptical vs circular wave guide as shown by Chu, 
Fig. 4. Incidentally, these results agree numerically with those of Chu. 


* Numerical integration was by Weddle’s rule; intervals of 5° ing and 0.1 in x were used. 
The calculations were made by Miss F. C. Larkey. 
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Corresponding expressions for the resonant wavelength are 
aD ~ 0.805, D 
2 V1 + 0.1622 R? 
s V 1+ (22) = ss 
2sL 


5 0.820 D 
© V/1 + 0.1681 1?R?* 


As an example, take » = 1, R = 1, then 
(Circular) Q.6 = 0.500 D A. = 0.759 D 
(Elliptical) Q6 = 0.473 D d = 0.747 D 
Ratio = 0.946 Ratio = 0.984. 


A= 


r 


I 


Conclusions 


The mathematics of the elliptic cylinder have not yet been developed to the 
point where the design of cavities of large ellipticity could be undertaken. 
On the other hand, sufficient results have been obtained to indicate that the 
ellipticity in a cavity intended to be circular, resulting from any reasonable 
manufacturing deviations, would not have a noticeable effect on the reso- 
nant frequencies or Q values, at least away from mode crossings. 


Futi CyimnpricaL CoAxiAL RESONATOR 


The full coaxial resonator has been of some interest because of various 
suggestions for the use of a central rod for moving the tuning piston in a 
TE O1n cavity. 

The cylindrical coaxial resonator, with the central conductor extending 
the full length of the resonator, has modes similar to the cylinder. In 
fact, the cylinder may be considered as a special case of the coaxial. The 
indices ¢, m, 2 have much the same meaning and the resonant frequencies 
are determined by the same equation (1). However, now the value of r 
depends in addition (see Fig. 1) upon 4, where 


_ diameter inner conductor 
1 diameter outer conductor 


b 
Sas 

The problem now arises of how best to represent the relations between 
f, 4,6 and L, The r’s depend on 7; so one possibility is to determine their 
values for a given 7 and then construct a series of mode charts, one for each 
value of 7. 

A more flexible arrangement is to plot the values of r vs 7 and allow 
the user to construct graphs suitable for the particular purpose in hand. 
An equivalent scheme has been used by Borgnis.'* 

It turns out that as » > 1, r(1 — 9) — mm, for the TM modes and the 
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TE Omn modes, and r(1 — y) — (m — 1) for all other TE modes. For 
the former modes, r becomes very large as 7; — 1, that is, as the inner con- 
ductor fills the cavity niore and more, the frequency gets higher and higher. 
For the TE fin modes, however, as the inner conductor grows, the fre- 
quency falls to a limiting value. This is discussed in more detail by 
Borgnis.!® 

Figure 7 shows r(1 — 7) vs 7, for a few of the lower modes; the scale for 7 
between 0.5 and 1.0 is collapsed since this region does not appear to be of 
great engineering interest. A different procedure is used for the roots of 
the TE fin modes. Figure 8 is a direct plot of r vs 7 for a few of the lower 
modes. In this case, r— fas y— 1. 


Distribution of Normal Modes 


The calculation of the distribution of the resonant modes for the coaxial 
case follows along the lines of that for the cylinder, as given previously. 
The difference lies in the distribution of the roots r, which now depend upon 
the parameter 7. The determination of this latter distribution offers 
difficulties. There is some evidence, however, that the normal modes will 
follow, at least to a first approximation, the same law as the cylinder, viz.: 


Week 
Ns 


with some doubt regarding the value of the coefficient. 


Q ; in Coaxial Resonator 


The integrations needed to obtain this factor are relatively straightfor- 
ward, but a little complicated. The final results are given in Fig. 1. 

The defining equation is (16); the components of H are given in Fig. 1. 
The integrations can be done with the aid of integrals given by McLachlan” 
and the following indefinite integral: 


/ [+ 22) + zr) | x dx 
ss Z [ zz) + 2zileEls) + Zi(x) ( 3 fy 


which can be verified by differentiation, remembering that y = Z;(x) isa 


1 £ 
‘ wil = = 
solution of y” + Pie + (1 4) y= 0. 





ROOT VALUES, f,,(I-N) 
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Fig. 7—Full coaxial resonator root values tm (1 — 1) 
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Fig. 8—Full coaxial resonator root values Tim 
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An investigation needs to be made of the behavior of the formulas as 
n — 0 before any conclusion may be drawn regarding their blending 
into those for the cylinder. For TE modes with ¢ = 0, the term involving 


= disappears, hence no question arises. Consider then ¢ > ‘0, and let 


x = nr for the discussion following. From expansions given in McLachlan, 
it is easy to show that, for small « 


Yee) = —2= 9! (2) Vi(x) = & (ay 


Tv 


7 a} x 
xé ye xf 
Jt(x) = a Jt(x) = Me—D!" 


Since, from Fig. 1, 
_ Str) _ It(nr) _ Se(x) 


Yur) Yer) Vex) 





it is found, upon substitution of the approximations given above: 


That is, Ze(x) ~ x and hence > 0 as *—0. Furthermore Z¢(r) remains 


finite as 7 > 0. Hence H ~ x” and Hi ~ xt", Therefore, for ¢ > 0, 
n 


As Ousy2s 0: 
n 


e 6 2 
Hence, the expression for Q x for the coaxial structure reduces to that for 


the cylinder, for any value of ¢, in the TE modes. 
For the TM modes, and for ¢ > 0, an entirely similar argument shows 


: cS . 6 
that H’ remains finite as 7 > 0. Hence, the expression for Q x for these 


modes also reduces to that for the cylinder. 
For the TM modes, and with ¢ = 0, we have 





Zu(x) = —Iy(x) + Jole) oo 
For « > 0, Ji(x) > 0 and Jo(x) — 1, hence for small x, 
Za(x) ~ HO) 





Yo(x) 
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Now substitute the approximate values of the Y for small x. The result is 


1 
Zi(x) ~ eG 
x log 3 


Since Zo(r) is finite, it follows that 
1 


nH ~ = (ie 2)" 
x ee 
og 5 
and it is easily shown that »H’—> © asm7—>0. On the other hand, 2H’ > 


Oasy—0. Hence, 08 —0as7—0. On the other hand, for 7 = 0,a 
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Fig. 9—Coaxial resonator. TE 011 mode Contour lines of 0 


perfect cylinder exists whose os is not zero. It is concluded that the ex- 
pression for oF does not apply for small 7 for the TM modes with ¢ = 0. 


Thus it is seen that the expressions for the factor (Q 5) reduce to those 


given for the cylinder, when 7 = 0, except for TM modes with ¢ = 0. 
For these latter cases, the factor approaches zero as 7 approaches zero, 
because 7H’ increases without limit, This means that an assumption 
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which was made in the derivation of the Q values is not valid for small 7; 
that is, the fields for the dissipative case are not the same as those derived 
on the basis of perfectly conducting walls. 

The expressions for the factor are rather complicated, as it.depends on 
several parameters. When a given mode is chosen, the number of param- 


eters reduces to two, 7 and R. Contour diagrams of OSvs nand R are 


given on Figs. 9, 10, 11 and 12 for the TE 011, TE 111, TM 011 and TM 111 
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Fig. 12—Coaxial resonator. 7M 111 mode Contour lines of o 


modes. As mentioned above, the true behavior of eo} for the TM 011 


mode for small 7 is not given by the above formula, so this contour diagram 
has been left incomplete. 


Fins 1n A Cavity RESONATOR 


The suppression of extraneous modes is always an important problem 
in cavity design. Among the many ideas advanced along these lines is the 
use of structures internal to the cavity. 

It is well known that if a thin metallic fin or septum is introduced into a 
-cavity resonator in a manner such that it is everywhere perpendicular to 
the E-lines of one of the normal modes, then the field configuration and 
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frequency of that particular mode are undisturbed. For example, Fig. 13 
shows the E-lines in a TE 11” mode in a circular cylinder. If the upper 
half of the cylinder wall is replaced by a new surface, shown dotted, the 
field and frequency in the resulting flattened cylinder will be the same as 


NEW SURFACE PERPENDICULAR 
TO E-LINES LEAVES REST OF 
FIELD AND FREQUENCY UNALTERED 


Fig. 13—E Lines in TE 11n mode 


foie CYLINDER 


( 


- 


Fig. 14—“TE O1n” mode in half-cylinder 


before. 
indicated in the figure. 


Indeed, they will also be the same in the crescent-shaped resonator 


Except for isolated cases, all the other modes of the original cylinder will 


be perturbed in frequency since the old fields fail to satisfy the boundary 


conditions over the new surface. 


Furthermore, if the original cylinder was 
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circular, its inherent double degeneracy will be lost and each of the original 
modes (with minor exceptions) will split into two. 

Although the frequency and fields of the undisturbed mode are the 
same, the Q is not necessarily so. For example, Fig. 14 shows a “TE Oin 
mode” in a half cylinder.* 


It is easy to calculate os for this case. The result is 


REM a ihe ee 
CX TP RR + + PR (7) 


in which 
K, = 1.290 Kz = 0.653. 


Here K,; and Kz are constants which account for the resistance losses in 
the flat side. For the full cavity, shown dotted in Fig. 14, eq. (17) holds 
with K, = Kz = 0. If the circular cavity has a partition extending from 
the center to the rim along the full length, (17) holds with the values 
of K, and Ke halved. If a fin projects from the rim partway into the in- 
terior, still other values of K; and K2 are required. It is a simple matter 
to compute these for various immersions; Fig. 15 shows curves of Ki and 
Ky. The following table gives an idea of the magnitudes involved: 


MmovE: TE 0,1,12 R= 0.4 
6 








Fin, % a oe Ratio 
0% 2.573 1.0 
10 2.536 +985 
20 2.479 +965 
50 2.04 «79 
100 1.47 57 





The question now is asked, “Suppose a longitudinal fin were used, small 
enough to cause only a tolerable reduction in the Q. Would such a fin 
ameliorate the design difficulties due to extraneous modes?” 

Some of the effects seem predictable. All modes with ¢ > 0 will be split 
to some extent, into two modes of different frequencies. Consider the 
TE 12n mode, for example. There will be one mode, of the same frequency 
as the original whose orientation must be such that its Z-lines are perpendicu- 
lar to the fin. The Q of this mode would be essentially unchanged. There 
will be a second mode, oriented generally 90° from the first, whose E-lines 
will be badly distorted (and the frequency thereby lowered) in the vicinity 


* Solutions for a cylinder of this cross-section are known and all the resonant fre- 
quencies and Q values could be computed, if they had any application. 
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of the fin. It would be reasonable to expect the Q of this mode to be appre- 
ciably lowered because of the concentrated field there. If two fins at 90° 
were present, there would be no orientation of the original TE 12n mode 
which would satisfy the boundary conditions. In this case both new modes 
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Fig. 15—Constants for calculation of Q of TE 01n mode in cylinder with longitudinal 
fin. 


would be perturbed in frequency from the original value. If both fins were 
identical, the perturbations would be equal and a double degeneracy ensue. 
Similar effects would happen to the other types of modes. 

The major advantage derivable from such effects would appear to be in 
extraneous transmissions. The fin serves to orient positively the fields in 
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the cavity, and the input and output coupling locations can then be appro- 
priately chosen. On the basis that internal couplings are responsible for 
mode crossing difficulties, one might hazard a guess that a real fin would 
increase such couplings. 

Another application of fins might be in a wave guide feed in which it is 
desired to establish only a TE Om wave. In this case, Q is not so important 
and larger fins can be used. If these extended virtually to the center and x 
of them were present (with uniform angular spacing) all types of wave trans- 
mission having ¢ less than x/2, x even or ¢ less than «, « odd, would be sup- 
pressed. This use of fins is an extension of the wires that have been 
proposed in the past. 


CONCLUSION 


It is hoped that the foregoing, which covers some of the theoretical work 
done by the author during the war, will be of value to other workers in 
cavity resonators. There is much that needs to be done and hardly time 
for duplication of effort. . 
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